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Bg — L2 model
SM-singlet scalar ‘flavon’ ¢

Additional U(1)x gauge symmetry broken by
(0) ~TeV= Mx = gxXy(0) ~ O(TeV)

SM+4-3vp fermion content

/ero charges for first two generations of quark

X = B3 — L, postdicts some small CKM?
X, <> propagating Z’

l1Bonilla et al, 1705.00915; Alonso et al 1705.03858, BCA
2009.02197 (simp/ified EFT)
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Some Family Structure

X X 0 X X 0
Yo~ | xx 0], Yo~ | x x 0],
0O 0O 0O 0O

Postdicts CKM angles |V,
'Vi4| to be small

VubL |V;53




A simple limiting case

Vip=Vi, =V, =V., =1
1 0 0
Vi, = | 0 cosby, —sinby,

0 sinf, cosfy

— VUL — VdLVCT*KM and VVL — VGLUILMNS'

10



Lxy = gx (U—LA ' Xug + urA, ) X ug

Rt
[1] b

+dp A X dy, + drA{ X dr
—aAS L Xer — @ASR)X eR
~TIAYY Xv, — TRAYRX VR) ,

(00 0) (00 0)

= Vv, ¢é=[000]|,E=]030

\001/ \OOO/

COU pllngS, NS {uL,dL,eL,VL,uR, dR, GR}

11



Important X Couplings

[0 0 0\ [dp)

(CZLEZ?L) 0 sinzesb %SiﬂQ@Sb X

SL
\O 1Sin2(93(, 6082(93(, / \bL/

2

(o00) [e)
—(en7)| 030 [|X

L4
SRRV

7' — LFU Violating? Cy # 0

12



B, — B, Mixing
Measurement agrees with SM.

o ... s 7 / -
< b D BT
R p—- 5 s S— ,u >
gsp = %( Sin 20, ~

but uncertain

194 TeV
from QCD sum rules and lattice?.

’King, Lenz, Rauh, arXiv:1904.00940
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smellil
Aebischer, Kumar, Stangl, Straub, 1810.07698:
Input: SMEFT coefficients C;/A°.
Output: y*

Hundreds of B—observables
31 EWPOs



Kinetic MiXing BCA, Gubernari 2409.06804

This will induce a family independent component to
the Z’ couplings

J' = gx ZXWWW“W,
w/
ju = ig'Yy [H'D,H — (D, H)'H] + ¢' > Y'y1'.

w/
€ .
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Integrate out heavy X,

1
_ p BHY
QM)Q(J“J M2 (O )J
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OM2

(S = €4u) (V' =€)
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LEP ConStraints BCA, Mullin, 2306.08669

e /T eT—> >—¢
. gz,
N - o o -

€

SMEFT contributions: C!!*, Ct, Cl

ce !

Code into flavio (cf Falkowski,

Mimouni 1511.07434): 148 LEP2 blns
o, AFB
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Global Fit

Observables: 306 quarks, 31
EWPOs, 148 LEP2, 24 LFU

3 TeV 3 TeV
€ .

/\ /\
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€ -@X 955 Athgquarks AX]QEWPO AX%EPQ AX%FU AXg;loba,l
0 0.082 -0.11 36.2 0.0 0.00 -3.8 32.8

-0.86  0.048 -0.19 40.1 -0.4 -0.02 0.8 40.1
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AM, 1
My
BR(B; — p u‘)'

BR(B — Kp"po)(1.

BR(B, — éu" 1
BR(B, — éu'tp
BR(B — (/5,u

1 SM
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M /TeV

BCA, 2412.01956

HL-LHC sens. ------
i ATLAS excl.
N rz'/MZ->O.1 [ ]

0.05 0.1 0.15
(3 TeV/Mx)gx
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Epilogue

Calculated SMEFT coefficients for kinetically-

- /
mlxed Z mOde|S cf Dawson, Forslund, Schnubel 2404.01375

Improves fit of B3 — Lo model.

Links to my music, |book (18€) and Quantum Selves art:

Symmetries,
Particles
and Fields

Ben Allanach

CCCCCCCCCCCCCCCCCCC
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https://share.amuse.io/artist/professor-jammin
https://benallanachwork.wixsite.com/quantumselves
https://share.amuse.io/artist/professor-jammin
https://www.amazon.co.uk/dp/1739940695?ref_=pe_3052080_397514860
https://benallanachwork.wixsite.com/quantumselves

UV Completion

The By — Lo model with kinetic mixing
Is approximately physically equivalent to an
unmixed model with

X :=Db3— Lo+ aY

where o« € Q is chosen appropriately.
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[*1~ ATLAS 13 TeV 139 fb!

e.g. 2 track-based isolated u, pr > 30 GeV
with reconstructed vertex.” Only keep pair with

highest (|pr

77l2

H1H42

‘]775‘)-

= (p} + p3) (Plﬂ + pzu)

CMS also has a similar analysis®

SATLAS, 1903.06248
4CMS, 2103.02708

24



Events / 10 GeV
5&)

10

10

1

107"

B 4
= 2
£ 0
I o
S 4

ATLAS
Vs =13 TeV, 139 fb™

¢

e Data
Background-only fit

- - Generic signal at 1.34 TeV, I'/m=1.2%
-------- Generic signal at2 TeV,I'/m=1.2%

-+ Generic signal at 3 TeV, I'/m=1.2%

|

Illllll lIIIIIIll IIIIIIII| IIllllIIl lIllIIII| lllllllll [ |

IIIIII| Illllllll IIIIIIII| lllllllll IIIIIIII| Illllllll

it it ++H +++§++ i {#}#ﬂ ----- §:—+- *++ i +{+++*¥++ X TPV S -

33102 103 2x10° 3 o3

25



ATLAS "]~ limits
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Tree-level Explanations

bp—>——>—1" br [t

LQ A
3
[T L >N~

Interferes with Standard Model process
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smellil

Aebischer, Kumar, Stangl, Straub
1810.07698:

Input: SMEFT coefficients C;/A*.
Output: Y*

Hundreds of B—observables
31 EWPOs



SMEFT

Parameterises heavy new physics effects

L=Lip+ Y50
d=>5

(

Assumptions:

All BSM fields have mass scale A > scale of
observables.

Higgs doublet linearly realises EWSB
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Important term

2499 d = 6 terms

1
. | (Cl(q))2223

mediates b — sutpu” transitions.

(LavaLo)) (Q2vQs)

Here, from integrating Z’ out:

(CZ(;))ZQQB . —3sin 20,0%

A? Mx
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SMEFT WCs/ (g% /M53)

BCA, Davighi, 2211.11766
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output
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LHCb 2212.09152

1.4f LHCb Rg  low-q’ =0.994+%0%

9 fb_l Rg central-q2 = 0_94941%:83%

1.2 Ri low-¢* = 0.927°4%

ot R+ Central-q2 — 1_0274:%..8%
x 1.0F

S I
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Decay fully described by three helicity angles Q = (8, 0, ¢) and ¢2 = m2,
L ¢*(T +T) et [3(1-F )sin® O + Fi, cos® O + +(1 — F) sin? O cos 26
d(F+F)/dq2 dﬁ 39, L4 L K L K 4 L K 4

— Fy, cos? Ok cos 20, + Ss sin? O sin? 0, cos 2¢
+ Sy sin 20 i sin 260, cos ¢ + S5 sin 20 i sin 6y cos ¢
- %AFB sin? @k cos By + S7 sin 20k sin 6, sin ¢

+ Sg sin 20 sin 26, sin ¢ + S sin® O sin? O, sin 2q§]
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By — ¢puT: ¢ = (s5)

=== BSM best fit
BSM benchmark
SM prediction
H] LHCbH 2021

GuBERNART, REBALO, VAN DYk ViIRTO , 2206.0 3797
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BR(B — Ku ™)

x 10~

1 " 1 " 1

B — KI,L/,L HH LHCb 2014

SM prediction
- == BSM best fit
BSM benchmark

FH Babar 2012

- Belle 2019
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b — sl™l” in Standard Model

BR~ O(107°%): loop+EW+CKM

42



Form Factors
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Predicting B — M/{*¢~: FFs

A = local + non-local

local: interpolate lattice at high ¢* = m; and
LCSR at low ¢?.

non-local: no lattice. Most use QCD
factorisation: perturbative charm loop+ad-hoc

EOS approach: interpolate ¢> < 0 LCOPE and

measurements of BRs/angular dists at ¢* =

2
MJ/w'
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q* — z(¢%), 2] < 1

t Im(z2) B - K*f

B — K*9(25)

Theory data

Re(;)

CiP o< > a,z" 1707.07305 truncation 2205.03797
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Caveat Emptor

2212.10516
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Ultra-violet completion?

This model 1s equivalent to
SU3)xSU(2)xU(1)y xU(1)x,
without kinetic mixing and

X1 . — Bg — L2 OéY,
where o € Q.
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R,+: BSM Explanations
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0.20

0.15
02 03 04 05 06

SBaBar12
30
Belle17
8
World Average :
SM 340 R(D)=0.358= O 028
‘ R(D+)=0.284-0.012
| Allanach, aTXw 17/7/23 | =_|O 37 -

R(D)
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2022 Measurement

Using BaBar data (not official BaBar analysis)
and semi-leptonic tag: (2012 used hadronic)

R(D) = 0.316 + 0.062 + 0.019

R(D*) = (0.220 = 0.022 4+ 0.012
p = —0.82

Yunxuan Li, Search for Beyond Standard Model
Physics at BaBar, (2022), Caltech Ph.D. thesis
https://resolver.caltech.edu/CaltechTHESIS:05232022-144829107
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1/e Neutral Current Fits

Alguero et al, 2304.07330
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BCA, Mullin, 2306.08669

55



3B3 — L. — 2L, model

— X% 1 p—value || measurement pull
LFU -0.2 .85 Rg~+(0.1, 1.1) -0.1
LEP -04 D8 Rg~+(1.1, 6) -1.1
quarks -14.7 .10 Rg(0.1, 1.1)  -0.3
global -15.3 28 Ri (1.1, 6) -0.1

g, = 0.2, 04 = —0.03 best-fit

BCA, Mullin, 2306.08669
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AM -

BR(Bs'>UU)'

Rk(1.1, 6)-

Rk+(0.1, 1.1)

Rk+(1.1, 6)1

P.(2.5,4)

P.L(4,6)1
BR(Bs->¢uu)(0.1,0.98) 1
BR(Bs->¢uu)(1.1,2.5)1
BR(Bs->¢uu)(2.5,4)
BR(Bs->¢uu)(4,6)
BR(Bs->¢uu)(15,19)-

SM

-3-2-10 1 2 3 4
pull

57



Flavonstrahlung

Models of Z’' ilk possess L =
MNH H'00" = a flavonstrahlung signature:

BCA, 2009.02197: BCA, Loisa, 2212.07440
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Pull=(theory-exp)/error

SM
B3—L,Z

AM:

BR(Bs->uu) 1
Rk(1.1,6)-
Rk+(0.1,1.1)1
Rk+(1.1,6)

PL(2.5,4)

Ps(4,6) 1
BR(Bs->¢upu)(0.1,0.98)1
BR(Bs->¢uu)(1.1,2.5)
BR(Bs->¢upu)(2.5,4)1
BR(Bs->¢uu)(4,6) 1
BR(Bs->¢uu)(15,19)

-3-2-101 2 3 4
pull

BCA, Davighi, 2211.11766



pull

BCA, Mullin, 2306.08669
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p-value
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e %= (1 allowed

- NP
Fleischer, Malami, Rehult, Keri Vos, 2303.08764; C{VF = |CJF|e'Pot

L = N(bry*sp)[Co) (Iyap) + Co" (€vae)] + H.c.

. B(B — Kpu) | LHCb 2014

7* € [1.1,6.0] GeV* (

0-0 L 1 L
90° 180° 270°
NP
Doy

0.0
90°

2.0

F & LHCD 2022

L € 11.1,6.0] GeV? 1 CNF = 0.80|C5M |5

180°
boc

270°
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Anomaly cancellation

Need to pick X charges for
fermions consistent with QFT anomaly
cancellation.

X = 3B; —
(X.L.+ X,L,+[3— X.— X,]L,)

works (proof in 2306.08669).
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Trident Neutrino Process

FIG. 10. Neutrino trident process that leads to constraints

on the Z" coupling strength to neutrinos-muons, namely
Mz /guu 2 750 GeV.

~J
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t—channel
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Hv potential

— 1 H'H + g (H H)? — 115600 +
)\9(9*9)2 -+ )\QHH*QHTH

1, (W
Ly (ﬁ,)+...

2)\}]?}%] )\QHUHUQ
)\QHUHUQ 2)\9@%
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H?Y mixing

h cosy —sing\ [ h
(19) (sin ¢ Cos P > (19’ )
2)\9[{?%?]9

Sin2¢ = — 5. (-9)

Ty — My,

Three parameters: vg = My/qgy, my
and o.
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Higgs Signal Strength

BCA, Loisa, 2212.07440

. Collider searches
(LHC + Tevatron)

0.4
B Signal strength
0.3 W-mass
g _ _ A-perturbativity
20.2r )
0.1r ]

500 1500 2500 3500 4500
Flavon mass my / GeV
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102k 1|— 0 = tt
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7' Searches?

2.0
T\l 1 . 5 ATLAS di-muon b-tag
§ ATLAS di-muon b-veto
CMS di-muon
%) 1 0 ATLAS di-muon
— 0 7 ATLAS di-tau
Favoured region
m
NO.5
@)
0.0 - -
2 4 6
Mz (TeV)

BCA, Banks, 2111.06691
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/' Decay Modes

Mode BR | Mode BR | Mode BR
tt 0.15| bb 0.15| v/ 0.23
utu~ 0.37] ete” 0.09

pp Z' Production:

b b
Z' Z'

A b

oot o 550540 = g (1 262, + O(01)
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B3 — L2 model’sEZ’

%
10 '8
\ 9
3 +
~— ~ .
> Bl CMS pu+Er " +jet @B LHCD /+jet
Eqi 1(]0 p 8 ATLAS 20~ 3 ATLAS low-mass ¢¢
> @3 CMS ll+jet @3 ATLAS pp+jet
. @ ATLAS and @ CMS high-mass £¢
= B ATLAS 4¢
10~1

100 200 30
MZr (GGV)

6Bonilla, Modak, Srivastava, Valle, 1705.00915; Alonso, Cox,
Han, Yanagida 1705.03858
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CMS "1 b 2307.08708

138 fb™' (13 TeV)
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SM Aver: :
7 0% Average Home-cooked comparison

——— Belle II (362 fb-!, Combined)
2.440.7 This analysis [m]umun\
Belle IT (362 fb-!, Hadronic)
1.1+ 1.1 This analysis, preliminary
—_—— Belle II (362 fb!, Inclusive)
2.840.7 This analysis, pre Immln\

Belle II |(>; fb1, Inclusive)

1.9+ 1.5 PRLI27, 181802

Belle (711 fb!, Semileptonic) “Belle reports
1.0+ 0.6 PRDO6, 091101 On|y Upper
$
® Belle (711 fb, Hadronic) limits.
3.04+1.6 PRDST, 111103
We calculate

Babar (418 fb™!, Combined)
0.840.6 PRDS&7. 112005 BF ourselves

Babar (418 fb-!, Semileptonic)

0.2+0.8 PRDS7, 112005

Q

—0- Babar (429 fb-!, Hadronic)
15413 PRDS7, 112005

2 4 6 8 10
10° x Br(BT—K " vp)
Overall compatibility is good y2/ndf = 4.3/4
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