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leptonic mixing

. N .J neutrino oscillations

Why does the leptonic mixing matrix have its peculiar
structure?

If a flavour symmetry is present, how can we
test it?
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Outline

* Brief Overview of Neutrino Masses and Mixing

e Experimental Status of Leptonic Mixing Matrix

e Basic underlying paradigm and principles of flavour
models

* Flavour Model, its parameter space and constraints

e Tool chain and how to calculate exclusion regions

* Results
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Current Status of Neutrino Oscillation Parameters

P (v, — v,) P (v — U¢) P (v, — ve)

1 0 0 0 C12 S192 0
0 C23 593 0 1 0 —S12 (€19 0
0 —S93 (€923 0 0 0 1

46.40 < 095(°) < 52.40 822 < 015(°) < 8.97 31.54 < 015(°) < 36.16
133 S 5(0) S 337 nufit 2018
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0 —s93 o3 —81363i(S 0 C13 0 0 1 0 (0 ei%

e Observation of LNV process e.g. neutrinoless double beta
decay would indicate neutrinos are Majorana in nature.

e Half life proportionate to effective Majorana mass

]mee\ — |m1 C082 (912 COS2 (913 + Mo SiIl2 912 C082 (91362'0421 + ms Sin2 9136’6'(0431—25)‘
d) g U
|44
. GERDA, KamLAND-Zen, EXO, CUORICINO QD V;
ol e
> : IH 1 W
O | |
:o/) 10_2? = >
1053 - OO, RamANDZorz, | | NDBD can give information
SNO+, COBRA, NEXT, .
| " aiorana | on neutrino mass
0 %05 02 o1 1 ordering, absolute mass

my(eV) scale and CPV phases.



Motivation for Flavour Models

quark mixing

Symmetry

PMNS matrix
results from the
breaking of a
non-Abelian
symmetry at
high energy
scales

Perturbed
|dentity Matrix

Small Mixing
small CPV

entries
resemble CG

coefficient of
discrete
groups

Difficult to apply
to quark sector

Hall, de Gouvea, Murayama Altarelli, Everett,
Feruglio, King, Ding,
Hagedorn, Petrov, M. C
Chen, Harrison, Perkins,
Scott, Luhn.......
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Field Content = () S{x) = (x)

pseudo-real
)T ~ 3 triplets

¥ = (90179027903)T ™~ 37 X = (X17X27X3
€L — (éeL,fﬂL,gTL)T ~ 3, ER 1’ UR ~ ]_/, TR ~~ 1//

fields

Lagrangian terms for charged lepton and neutrinos

—L; = %(gLﬁp)l@RH + yf(fLsﬁ)l“MRH + %(Ew)lfﬁzfl +h.c.,
_ Y1 o rrrrl pc | Y2 7= T yc
_£V— 2AAW ((KLHH KL):?’S )1 | 2AW(€LHH EL)]_—I—h.C.

—a —a+b 2a

Results in TBM mixing of PMNS matrix Sl Cvea vy

b= 10 /2Aw 13

Ye 0 0 DU 2a + b —a
M; = 0O vy, O L M, = —a 2a —a—+0b
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UrsMm =

Jessica Turner

gl

Need corrections to TBM

break Z» or Z3

modify mass matrices

sizeable 8i13and 0

1 0

V3

1 1 )

vV V(o) = @' + 2(p0105) + h.c.,
V3 V2

Parametrises EXPLICIT breaking

o) A
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How does this flavour sector
communicate with us?

Jessica Turner Fermilab
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Scalar Sector

 Higgs-Flavon cross-coupling

1
Veross(H, ) = S eH TH(pp)1

01 =Vp+ @1, P2 = €pUp+ P2 (pp)1 = (o1 + 20205)

e Flavon potential

1 2 g1 ;o g2
V(SO) — ilugleQO 4 Ilgp 4 12g07
1 > )
L, = 07 +2|p2)?, Iz = 590‘1* — 5901(903 +©5°) + 2™,
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Scalar Sector

 Higgs-Flavon cross-coupling

Veross(H, @) = Q‘LH ()1
o1 o1 o2 =ee+ @2 (p0)1= (07 + 20203)

 Flavon potential

Vip) = lﬂ?pllgo @12 @[2907

% 4719 " Yy

1 9 )
2, I, = 590‘1* — 5901(903 05°)

|802

Ilgo — 1 2|902
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Scalar Sector

 Higgs-Flavon cross-coupling

Veross(H, @) = Q‘LH (pp)
o1 o1 o2 =ee+ @2 (p0)1= (07 + 20203)

6 real parameters

 Flavon potential
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Yukawa Sector

charged lepton flavour
conserving

~

Lot = ) TR 4+ 15,

(Y (V)
l=e,u, H z
> m
Y2 € (+—+— ~ — ~
_Lclfv T (ILLLQRSOQ _l_TLeRSOQ) |
Ve
m

- — (TLuRrP2 + ELURPs) + —
U Vgv

+(@TR¢2+;TLTR¢§) i

charged
lepton
flavour

violating

Final state
tau dominated
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Model Parameter Space

Parameter p | min(p) max(p)
log;(vy) 1 3
log;(¢) -3 0.5
log;(91) -4 0
-logyg (92) -4 0
log;o(|€4]) -3 0.5
0, 0 2T

Table 1: Parameter sampling boundaries.

. Any flavon mass is too light, i.e. m(s;) < 10 GeV,i=1---3.
. All flavon masses are > 1 TeV.
. Any flavon mass is too close to the Higgs — |m(s;) —mpyg| < 5 GeV for i =1, 2, 3.

. Any flavon mass which is not the Higgs is close to degenerate — |m(s;) — m(s;)| <

D.

6.

100 MeV for 7,7 = 1,2, 3.

Ag <

n+%2<0 Conditions for Physicality

Jessica Turner
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* Model: and Zs-breaking
(realistic) flavour model

* Identify: collider signatures

e Constraints: Higgs-width,
Higgs-scalar mixing, g-2,
CLFV BRs.

* Analysis: recast 8 TeV
ATLAS multi-lepton search

* Tools: MC event generation
and CLs method.

 Results: 1810.05648

Jessica Turner Fermilab

Holger
Schulz
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Collider Constraints

e Flavons mix with the Higgs and decay via CLFV and CLFC
pProcesses.

* Measured upper limits Higgs width ~ 22 MeV versus 4 MeV
SM calculation

e Make sure the Higgs is mostly comprised of the Higgs
mMass eigenstate_ Robens, Stefaniak, Pruna,

Godunov, Roznanoyv,Vysotsky, Zhemchugov

1303.1150,1501.02234,

1503.01618,1502.01361

Jessica Turner Fermilab 22



G-2 and MEG Constraints

~

—

P2
ﬁe_
U { s H

——

L2

E821 (BNL) measures muon anomalous magnetic moment

Aa, = a®P — o™ = (2.87 £0.8) x 1077 (3.60)

0 @y
MEG experiment measures p—ey

Br(p — ey) <42 x 107" at90% C.L
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The Collider Analysis in
a nutshell

Fermilab
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ATLAS Analysis: 8 TeV

Search for new phenomena in events with three or more charged
leptons in pp collisions at /s = 8 TeV with the ATLAS detector

20.3-1 fb

no-OSSF

>3e/u
S1

distributions have not

been corrected for
detector effect i.e.
not unfolded

no-OSSF
2e/U=1Thad

S2

OSSF
2e/U=1Thad

S4

OSSF
>3e/u

S3_

5 1 >3e ATLAS _ —-2012Data o E 2e+>1t  ATLAS e 2012 Data ® .F 2ej+>1t  ATLAS —~-2012Data 3 2 'O E >3el " ATLAS —e 2012 Data
= of-Z,no-OSSF Vs=8TeV,20.3tb" [JReducible - g 105 & 0ff-Z, n0-OSSF Vs =8TeV,20.3 " [ Reducible ‘05 - off-Z,OSSF  {s=8TeV,20.3fb" [JReducible g 1 of-Z, 0SSF  (s=8TeV,20.3fo" EwWz
- wz ] - Wz S *E ET>100 GeV Wz =l S mz
2 B zz e 2 10t Mz o 2 N zz =1l B Z+
5 B Z+y = 2. I Z+y S 10 I Z+ =1 [] Reducible
(0 Et+v(v) ] u I tEv(V) = e v(v) El B [ f+v(V)
Syst. Unc. 102 Syst. Unc. = Syst. Unc.
- m(v})=0.5TeV 7 o e M(V)=0.5 TeV = m(v})=0.5 TeV—]
j—L l NE 1 ot | - 1| B | i
— o = PPN P S
[T sorere === I TIT 1071 N N h 1 % — 1
|
S l | T ‘ | | RE | i | B s dl B s J. N
@ | s + . $ B ' B ¥
N 05[- ! n S 05— T = B ost- + | B osf- ¢ N
1000 30 0 5 60 70 80 99 00 600 0 1400  160( 0 100 200 300 400 500 600 704
M, [GeV Minimum Lepton p_[GeV] Mg [GeV] H'f ppppp [GeV]

Mes: effective mass of event combining sum
of jets, missing energy and lepton pr

Jessica Turner

Fermilab

Hrlepton: scalar sum of lepton pr
used to characterise event
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SM + flavon
Interactions

Lagrangian

Jessica Turner

Fermilab

Tool Chain
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https://github.com/diana-hep/pyhf

SM + flavon
Interactions

Lagrangian

Jessica Turner

Fermilab

Tool Chain

FeynRules
1406.3030
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https://github.com/diana-hep/pyhf
https://rivet.hepforge.org/

SM + flavon Tool Chain
Interactions

Lagrangian FeynRules Sherpa

1406.3030 ‘ 0811.4622
' NNPDF3.0

Thanks to UK HEP Grid Computing for resources
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SM + flavon Tool Chain
Interactions

Lagrangian FeynRules Sherpa
1406.3030 - g 0811.4622

per
PS point: MPI, hard
process, showering,
hadronisation + hadronic
decays
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SM + flavon Tool Chain
Interactions

Lagrangian FeynRules Sherpa
1406.3030 - g 0811.4622

NNPDF3.0

H"I 4 2
¥ 106 MC events simulated

Rivet Per
PS point: MPI, hard
1003.0694

https://rivet.hepforge.org/

process, showering,
hadronisation + hadronic
decays

Jessica Turner Fermilab 30


https://rivet.hepforge.org/

Tool Chain

SM + flavon
Interactions

Lagrangian FeynRules

1406.3030

ATLAS

EXPERIMENT

validated
A WARS
analysis

https://rivet.hepforge.org/
Rivet

1003.0694

Jessica Turner Fermilab

Sherpa

0811.4622
NNPDF3.0

o & 2
d 106 MC events simulated
per
PS point: MPI, hard
process, showering,
hadronisation + hadronic
decays
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Tool Chain

SM + flavon
Interactions

Lagrangian

FeynRules
1406.3030

ATLAS

EXPERIMENT

validated
A WARS
analysis

https://rivet.hepforge.org/
Rivet

1003.0694

Calculate
ClLs

https://github.com/diana-hep/pyhf

Jessica Turner Fermilab

Sherpa

0811.4622

per
PS point: MPI, hard
process, showering,
hadronisation + hadronic
decays
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SM + flavon Tool Chain
Interactions

Lagrangian FeynRules Sherpa
1406.3030 - g 0811.4622

NNPDF3.0

ATLAS

validated ¥ 106 MC events simulated
per

ATLAS Rivet PS point: MPI, hard

analysis 10990694 process, showering,
hadronisation + hadronic
decays

wi

https://rivet.hepforge.org/

Calculate g-2 p—ey
ClLs

https://github.com/diana-hep/pyhf

Higgs width
+ Mixing

Jessica Turner Fermilab 33
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SM + flavon TOOI Chain
interactions

Lagrangian FeynRules Sherpa
1406.3030 - g 0811.4622

NNPDF3.0

ATLAS

validated ¥ 106 IVIC events simulated
per

ATLAS Rivet PS point: MPI, hard

analysis 1005.0694 process, showering,
hadronisation + hadronic
decays

)

https://rivet.hepforge.org/

Constrainin
Calculate e J g2 ey

ClLs | |
model PS Higgs width

https://github.com/diana-hep/pyhf .
+ MIXINgG

Thanks to UK HEP Grid Computing for resources
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MEG only
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MEG + ATLAS
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Exclusionary Power

exclusion power =

Experimental data | Exclusion power [%]
MEG 05.0
ATLAS 40.0
Higgs-width 6.0
Higgs-mixing 1.7
g— 2 0.7

Jessica Turner Fermilab



Exclusionary Power

. Niot — Npass
exclusion power = N
Experimental data | Exclusion power [%]

MEG 65.6

ATLAS 40.0

Higgs-width 6.0

Higgs-mixing 1.7

g— 2 0.7

Jessica Turner Fermilab



Conclusions
A priori it is not clear the flavour breaking scale
should be close to the GUT scale. Can we exclude

a lower value of this scale?

Experiments such as MEG place highly competitive
constraints on flavour model P.S (we were skeptical the

collider would be able to compete!)

We demonstrated collider searches for high multiplicity
leptonic final states can compete and complement MEG

and g-2 experimental constraints.

Why? The collider has sensitivity to flavon coupling to
Higgs, MEG and g-2 are not.

The chosen model P.S is largely excluded through synergy
of these experiments.
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a1b1 T azbs ]
a3bs + a1bs

azbz T CL153 ]

1
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Back-up Slides

0
0 |, S
W

- azbs

- CL251

- asby

2&1[)1 — &ng — &3[)2
2&3[)3 — a1b2 — CLle
2&2[?2 — CL3b1 — Cleg

Fermilab

Cb2b3 — Cb3b2
a1b2 — a2b1
a3b1 — a1b3
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Back-up Slides

Minimise the flavon and Higgs potential

1
i+ Mok + S ev (14 2e ) =0,

1 1 . .
,u?o + glvi(l + 2le,|?) + gggv?p[l -~ Re(e?o)] + 56@%{ + Ae, + A%€e, =0,

]‘ >k ]‘ k3
Hpee + G101+ 2leg])ep + 59205 [—€" + lep| eg] + Seeovy + A+ A% = 0.

A€y, 4+ A%ey’ + 2Re(A%ey) e, |* = —592’03%3 + §9203|€¢!2 {1 — Re(e) — 5\%\2}

G

v
x

() 2" — e (2 + 20 |ep | S [a]

A=
el (_ gl + €5 €5 — 1)
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Back-up Slides

(]\[(%)11 = 2/\1)?1,

1 ' *
(]\[(%)22 = 2gvi + gggviRC(Gi) — 2Re(Ae,) ,
1 1 . . 1 .
(]\[(%)33 = —5(]21) [1 — Re(e 3)] + §g2vi|e,¢|2 — QRC(AE,Q) + Re (_927}39(6,9 — 552) + 2q, v2€2 + A

1 N ) *
_g.qQUi[l — Rc(efg)] + §ggvi|e@|2 _ 2R0(Ae,¢) — Re (—ggvg(eg — S€,) + 2(]”)2 62 LA

e )
(]\[2)12 = UHU¢€,

(]\[(%)'; = \/_UHUQERC(EQ)

(]\[(%)14 = \/—UHU¢€IIH( €0) »

1
(]\[(%)23 = V2Re <2q1v €p ~ 592 U¢€*2 —I—A)
1
(]\[2)24 — /2Im (2(]11) €p — 5(]21)2 €2 + A)
2 1 2 2 *
(]\[ )34 = Im (—gng(eg — 5% 2) 4+ 291 Ve, + A ) (2.19)

Diagonalise mass matrix ensuring (1,1) entry is the Higgs mass
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V2Im (p5) Wso Ws1 Wsa Wi/ \s3

g-2 Constraint

A — m:ms; {(\WB\Q — [Wial?)  (|Was|? — [Wasl?)
B 9247292 ms | m?2
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u—ey Constraint

=
®

1 1 2 m : m; 2 2
A (h) — 1287‘(2 m2 ’U2 mMmTGQ m2 (ng S= ’LW14) — ’ITLM’ITL 6 G m2 ‘ng‘ SI= |W14‘ ) y
h~p H H
1 1 2 m; : m? 2 _
A(sy) = 12872 2 o2 m,mzGo (m—%) (Was + ZW24) — my,m2e (m—%) (Was|? + |[Wayl ) :
1 1 2 m?‘ : 2 2 m72' _
A(s2) = 19872 m2 12 mymz Gy m—% (W33 +iWs4a)™ — mumze Go m—% |W33| + |Waa ) )
S22 QY i -
A 1 1 5 m? : m?2
(s3) = 12872 12, 02 m,m;Go m—§ (Ways + ZW44) — m,mie m—§ |W43| + | W4 ) :

11
Go(x) = —logx

m> | Al? G%m?>
s [ (u— e, — Lk
on ' 1 W) = qo0

['(p—ey) =
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CLs Method for Recast

PDF generated Calculated
through possible using P)'H F:
fluctuations (Asimov data
set) 1007.1727 . L https://github.com/
LLR.,. High Sensitivity diana-hep/pyhf
fi Jo

LLR

LLR, - 00
1 —-CL, = / fo(LLR)ALLR CLsyp = / fi(LLR)dLLR

LLRobs
s — CLs+b onl
C' Ly vy
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