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Motivation = neutral current B anomalies

p BR(B -» K®yu*u™)
K~ BR(B » KMe*e™)
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Motivation = neutral current B anomalies

p BR(B -» K®yu*u™)
K~ BR(B » KMe*e™)

LHCb measurements (all below SM predictions):

-_ Deviation from S

[0.045,1.1] 0.66%95% + 0.03 ~2.50
[1.1,6.0] Ry 0.69%3:57 + 0.05 ~2.50

[1.1,6.0] B 0.8461 50240015 ~2.50
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Motivation = neutral current B anomalies

Other observables:
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Could these discrepancies with the SM be due to New Physics?



Global fit to SMEFT
coefficients

Data can be well-fitted assuming
NP in two muonic operators:
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—— NCLFU observables 20 ’
— b— spp & corr. obs. lo '
Global fit to SMEFT 7] &bt
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What do the (NC) B anomalies tell us?

1. Lepton flavour universality violation (LFUV) between e and u
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What do the (NC) B anomalies tell us?

2. Hints that new physics “aligned” with third family (quarks)

Joe Davighi, LHCbUK 2020, 06/01/2020
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What do the (NC) B anomalies tell us?

2. Hints that new physics “aligned” with third family (quarks)

o All discrepancies involve bottom
o No LFUV in kaon/ pion/ charm physics

Joe Davighi, LHCbUK 2020, 06/01/2020
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What do the (NC) B anomalies tell us?
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2. Hints that new physics “aligned”
with third family (quarks)

o All discrepancies involve bottom 10
o No LFUV in kaon/ pion/ charm physics
o Absence of NP in high-pr searches 0t
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What do the (NC) B anomalies tell us?

ATLAS ¢t Data
Vs =13TeV, 36.1 fb’' Iz
Dimuon Search Selection [} Top Quarks
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2. Hints that new physics “aligned”
with third family (quarks)

o All discrepancies involve bottom 10
o No LFUV in kaon/ pion/ charm physics
o Absence of NP in high-py searches 10°

o Also charged current anomalies
(though will not discuss this here)
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Third family alignment — connections to flavour problem?

Joe Davighi, LHCbUK 2020, 06/01/2020
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Third Family Hypercharge Model
(TFHM)

Joe Dav ighi, LHCbUK 2020 ,06/01/2020



Z’ models b Z

_+_

Val

1L

Suppose Z’ is heavy gauge boson for a spontaneously-broken U(1)

(0) ~TeV

Gspy X U(1) Gsy

Assume only SM fermion content for simplicity

Joe Davighi, LHCbUK 2020, 06/01/2020
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* Let’s assume in weak eigenbasis



* Let’s assume in weak eigenbasis

e Cancellation of gauge anomalies then fixes charges uniquely

FQ;:O FuR;:O FdR%:O FL;:O
Foy=0 Fg=-1/2 Fy=1/6 F, =2/3
Fy =-1/3 Fyy=-1/2 F, =—-1  Fj#0

... this is just third family hypercharge

Joe Davighi, LHCbUK 2020, 06/01/2020



* Let’s assume in weak eigenbasis

e Cancellation of gauge anomalies then fixes charges uniquely

FQ;:O F, =20 FdR%:O FL;:O

Fe; =0 Foy = 1/6 Fuyp, =2/3

Fy =-1/3 Fyy=-1/2 F, =—-1  Fj#0

R3

... this is just third family hypercharge
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Connection with the flavour problem

* Third family have masses:

L = Y,Qsy Hty + Y, Qb HWy + Y, Ls)y Homhy + H.c..

* First two families massless at renormalizable level

/ \

- y
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...which is what we observe to leading order
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...which is what we observe to leading order
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Generated by higher-dim operators
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...which is what we observe to leading order
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e

Generated by higher-dim operators

Sheds light on coarse features of flavour problem:

o expect third family hierarchically heavy

o expect 1-3 and 2-3 quark mixing angles small

Joe Davighi, LHCbUK 2020, 06/01/2020
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Z-Z° mixing

Higgs charged under both EW and U(1) — Z-Z’ mixing:

Z’u' — CO5Q; (_ SN 0y B,u. + €os Oy I][T,j)

. qF (J[Z> 2
Sin o, & ._ — | - .
Vg2 + g2 \ My

Gives LFUV contributions to Z boson couplings
— strong constraints e.g. from LEP

Joe Davighi, LHCbUK 2020, 06/01/2020
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Z’ couplings to fermions

In weak eigenbasis only couplings to third family

Rotation to mass basis induces couplings to lighter families

o The rotation matrices are inputs which must be consistent with observed CKM
and PMNS

Joe Davighi, LHCbUK 2020, 06/01/2020
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A simple example case

100 I 0 0
Ve, =1001 1], Vi, =1 0cosbg —sinfy,

010 0 sinfly, cosfy,
MLL — VdLVT I/&R — 1 EL—R — 1 I/L’L — I/f;jj_][]-l-
Gives NP in Cg = —(( direction due to

[,qu = (% sin 204,57 Pr,b — g?Fﬂ"}f’OPLM + H.c.

Joe Davighi, LHCbUK 2020, 06/01/2020
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Constraintson TFHM 14 77—
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Including direct
search constraints

0.15

Recast ATLAS direct search
for Z' - pup (Run 11139 fbl,
13 TeV)

Coupling gr is everywhere
fitted to NCBAs (best-fit
point)

Valid parameter space for
Mz, > 1.2 TeV

Allanach, Butterworth, Corbett, arXiv:1904.10954

ATLAS excl (central)
(-20)

Bs mixing exc
LEP LFU exc

Contur exc
IlIIIIIIIIIlIlIIIlIIIIIIIII

2 3 4
Mo/TeV

Allanach, Butterworth and Corbett 2019



The Deformed TFHM
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The “problem” with a third family Z’

* Need to transfer Z’ coupling from 7; to u; to explain B anomalies.
* Large 2-3 mixing in V,, induces LFV (1 — puu)

Joe Davighi, LHCbUK 2020, 06/01/2020
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The “problem” with a third family Z’

* Need to transfer Z’ coupling from 7; to u; to explain B anomalies.
* Large 2-3 mixing in V,, induces LFV (1 — puu)

100
* We evaded with a mixing angle = 90° V., =001
010
/ \
* But VeL/R diagonalize Y,; implies

(Ye)33 < (Ye)2s. .

Joe Davighi, LHCbUK 2020, 06/01/2020
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The “problem” with a third family Z’

* Need to transfer Z’ coupling from 7; to u; to explain B anomalies.
* Large 2-3 mixing in V,, induces LFV (1 — puu)

100
* We evaded with a mixingangle= 90° 1, =001
010
. . T ( = )
* But VeL/R diagonalize Y,; implies
(Ye)33 < (Y8)23' ..+ ?e?mr;rmalisable
* A naturalness problem. \ -: Renormalisable

Joe Davighi, LHCbUK 2020, 06/01/2020 32



Deforming the TFHM

* Allow direct Z’ couplings to second family leptons (but still only third
family quarks)

* Non-zero U(1) charges for Q5, us, ds, Lo, L3, e,, e3, H
 Fix these charges using anomaly cancellation

Joe Davighi, LHCbUK 2020, 06/01/2020
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Anomaly cancellation

* The linear anomaly equations fix

Fo,=1, F, =4, Fg =-2

Fi,+ Fr, = —3, Fu, + Fo, = —6.

* The quadratic anomaly equation becomes*
2 2
(Fez_Fes) _(FLZ_FLs) =27

which has a unique (non-trivial) integer solution:

144 — 132 = 27

*The cubic anomaly equation is trivially satisfied here
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* “Deformed TFHM" charge assighment:

Fo, =1/6
FLJ'

Fop, =0
Fug, =0
Fu, =2/3
Fop =0

Fop, =2/3
Fp  =—5/3

Joe Davighi, LHCbUK 2020, 06/01/2020

Fuy =0
Fuy, =

Fy, =—1/3
Fy=—1/2
Fy
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This model probes a novel combination of Wilson coefficients, Cg = —9C;
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DR R i
1.5

Z /1 Wefind point on the red-line that
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Constraints on DTFHM* g 32|

0.3

e Recast ATLAS direct search for
Z' = uu (Run 1l 139 fb1)

e Dominant production is bb = Z'

* Constraints from B mixing and
Z LFU much weaker than before
(outside range of plot)

 Valid parameter space for
M5, > 0.8 TeV
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*Again this is a specific example case. For details see backup slides and arXiv:1905.10327
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What to look for next
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These simple Z models make some generic predictions.



High p; predictions
The Z’ in both models decays mainly to third generation fermions

Z’ branching ratios:
1. TFHM: tt (42%), t+1~ (30%), bb (12%), ut 1~ (8%), neutrinos (8%)
2. DTFHM: t+1~ (46%), neutrinos (25%), tt (14%), u* 1~ (11%), bb (4%),

As well as dimuon, important decays to tops and tauons

Joe Davighi, LHCbUK 2020, 06/01/2020 40



Low p- predictions

Notable prediction is new physics in tau

e.g. BSM contributions to BR(B — K(*)T+T_)
[deficits in both models; RH for TFHM; almost vector-like for DTHFM]

so measurements of LFUV ratios involving T are well-motivated

Joe Davighi, LHCbUK 2020, 06/01/2020
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Conclusions

* Flavour anomalies might be linked to an explanation of fermion
mass hierarchy

e Can explain with simple family-dependent Z” models, with
charges fixed uniquely by anomaly cancellation

* Reasons to expect new physics associated with third family



Backup

Joe Davighi, LHCbUK 2020, 06/01/2020
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Global fit to SMEFT

coefficients

Recent global fits (post Moriond
2019) seemingly driven by b —

suu, not LFUV ratios

Including b = suu locates

elliptical fit region, and drives

Co <0

Aebischer, Altmannshofer, Guadagnoli,
Reboud, Stangl, Straub, 1903.10434
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* Similar best-fit ellipse (with C9 < 0)
from other global fitting

Global fit to SMEFT
coefficients

methodologies

LHCb measurements are driving the

best fit region

Alguero, Capdevila, Crivellin, Descotes-Genon,
Masjuan, Matias, Virto, arXiv:1903.09578
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Note that LFUV observable fit has better overlap here than in fits of Straub et al.

Alguero, Capdevila, Crivellin, Descotes-Genon,

Masjuan, Matias, Virto, arXiv:1903.09578

Joe Davighi, LHCbUK 2020, 06/01/2020
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More on B; — B; mixing constraint

also a BSM contribution from Z boson exchange due to Z-Z’ mixing:
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LFU of Z boson constraint

Z boson couples differently to muons and electrons due to Z-Z° mixing;
need to be consistent with LEP measurement:

[(Z —eTe)

NZ — pTp=)

Rrrp = 0.999 £ 0.003, R =

In TFHM:
. o ‘gE’ZLeL‘Q L ‘g%REBR 2
modael —— _ _
|g%LNL ‘2 L ‘gFZLRﬂR 27

29 (g cos By, — g’ sinfy,) sin .
. F . I . u >

1 | — 4942 ( Mz 2
=1 - =1 —4.2¢
(g cos By, — ¢'sinb,)? + 492 sin? 6, IF M7
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Constraint from top decays

In TFHM example case we have couplings

ﬁth — ?

NS m Va Vi + 3sin200Ves Vs AGY = Vip Vi + § sin 204V Vi

- (MY ey Pt + A A Prt + Hee.) X,

which yield (given Z-Z’ mixing) new top decays to Zg, where g =u, c

A2 f (M, My, My) sin? a,
18¢2 Vi |2

=1.1x% 10—39’1, My ! VeV, + %sinQﬂSbVC‘, fb|2
| E\ My 0.0062

— V. weak constraint from current bounds

Joe Davighi, LHCbUK 2020, 06/01/2020

BR(t — Zc) =

BR(t — Wb)
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DTFHM: a simple example case

* Down-type quark mixing = CKM matrix
* Neutrino mixing = PMNS matrix (no need for charged lepton mixing)

Other nice phenomenological features:

* Large lepton charges makes B; mixing bound far weaker
 Relative signs give big cancellations in LFUV of Z boson couplings

Joe Davighi, LHCbUK 2020, 06/01/2020
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Light quar

type meckt

7 (0) (0) ()
| | | |
| I | I 1 1
| ' ' ' 1. Mg~—Ms > my~——m
PRS- SR ST R SO “ 107 T 1000
1 U Up Up  Up Up - Up U1
—€@ > ———— <0 > —<0 > :
> < 2. Off-diagonal Yukawas
<9.*> (9,*> (‘9‘*> H suppressed
| | | |
| | | |
~+553+e Ate AT Ate
Q2 L QR L R6 L U2
> “<e> - <o>r  <or . «

< masses from a Froggatt-Nielsen-
anism

Froggatt, Nielsen, NPB147 (1979) 277
Joe Davighi, LHCbUK 2020, 06/01/2020 ~ B, Allanach, JD, arXiv:1905.10327
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