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Bringing together
e Quest for neutrino mass origin (New physics)

e Parity into Left-Right Symmetry

e Lepton Number Violation at collider & low energy
(Majorana)
e and in Higgs decays (test generation of masses)

e (+ new physics in Flavour, in Strong CP)



Higgs coupling parameter

The last triumph of the SM
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Left-Right symmetry links Parity Restoration to Neutrino mass.



Hints from quantum numbers

Lorentz Q Y SU(2), SU(3)
(Y+T3.) T3

uy 2 2/3 1/6 1/2 3
d; 2 —1/3 1/6 —1/2 3
vy 2 0 —1/2 1/2 1
e 2 —1 —1/2 —1/2 1
UR 2 2/3 2/3 0 3
dr 2 —1/3 —1/3 0 3

1
er 2 —1 —1 0 1




Hints from quantum numbers

Lorentz Q Y SU(2), | SU(2), | B—L | SU(3)
(Y+Ts) | (Tsr+ (BQ_L)) T3 T3r
uy 2 2/3 1/2 0 1/3 3
d; 2 —1/3 —1/2 0 1/3 3
vy 2 0 1/2 0 —1 1
e 2 —1 —1/2 0 —1 1
UR 2 2/3 0 1/2 1/3 3
dr 2 —1/3 0 —1/2 1/3 3
VR 2 0 0 1/2 —1 1
eR 2 —1 0 —1/2 —1 1
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Left-Right symmetry ...new RH neutrino and gauge bosons
50(3,1) X SU(2)L><SU(2)R><U(1)B_L X SU(3)C

Opens the path to unifications

Pati-Salam: SU(2)L x SU(2)r x SU(4) [Pati Salam '74; Georgi '75]
GUT: SO(10) [Georgi, 75, Fritzsch Minkowski '75]
GraviGUT: SO(3,11), SO(7,7) [FN ’07, FN Percacci 09, ..., Maiezza FN '22]



(Minimal) Left-Right Symmetric Model
Theory of Neutrino Mass from Parity Restoration

[Pati, Salam "74] [Mohapatra, Pati '75]

enjanovié, Mohapatra ’7
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e Heavy RH gauge boson, Mw:=g vr

. . My, i il
* And mixes with ,:  ¢=gpsin2ie™ <10 + tanB =va/m;
e Neutrino get massive via Seesaws: .
MD:yqﬂ) MN:@/AUR MV:ML—MgM—NMD.

..structural LNV. Consequences in 0v2[5, collider...



. two possible LR Discrete symmetries
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A lot 15 then rigidly predicted.

o c.g. Dirac mass matrix fixed, un/ike standard seesaw:
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[Nemevsek Senjanovic Tello PRL ’13}



RH quark mixing - CKM

free Phases or Signs
[Maiezza, Senjanovic, FN, PRD ’10}



RH quark mixing - CKM

free Phases or Signs
[Maiezza, Senjanovic, FN, PRD ’10}

e Case of C has Vg=V7* plus 5 free phases

K4 = diag{e, e ¢}

VR p— KUV Kd; Ku — diag{eieujewc’ewt}



RH quark mixing - CKM

free Phases or Signs
[Maiezza, Senjanovic, FN, PRD ’10}

e Case of C has Vg=V7* plus 5 free phases

K4 = diag{e, e ¢}

VR = KU,V Kd) Ku — dlag{e 7 6761975}

e Case of P has Vr=V7 plus 5 free signs

(Vmag V)ix Vi, N Vie (VI my Vi,

M ii + Moy kk Md 5 + Mdkk

VR,ij = Vij —1Sal2p (VLgtﬁ + Z ) + O(satag)’

V — dlag{sua Sc; St} 4 dia’g{sda Ss Sb}

My — SiMMy4 [Senjanovic Tello PRL ’15}

All mixings and CP phases predicted from one parameter saf25.
CP phases 0; are - saf25 < 0.05



RH quark mixing - CKM

free Phases or Signs
[Maiezza, Senjanovic, FN, PRD ’10}

e Case of C has Vg=V7* plus 5 free phases

K4 = diag{e, e ¢}

VR = KU,V Kd) Ku — dlag{e 7 6761975}

e Case of P has Vr=V7 plus 5 free signs

(Vmag V)ix Vi, N Vie (VI my Vi,

M ii + Moy kk Md 5 + Mdkk

VR,ij = Vij —1Sal2p (VLJtﬁ + Z ) + O(satag)’

V — dlag{stw Sc; St} 4 dia’g{sda Ss Sb}

My — SiMMy4 [Senjanovic Tello PRL ’15}

All mixings and CP phases predicted from one parameter Saf25.
CP phases 0; are - saf25 < 0.05

Lets start from low energy...
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[Limits from flavor T
(K-K, €, €, B-B) | % | § |
* Classic As=2 s e
[Beall Bander Soni ’82} My, > 1.6TeV T\[/s/
[Senjanovic Senjanovic ’91l My > few TeV H :

e Kaon sector revisited

e: LR enhanced 1n correct box calculation (gauge independent)

€: New LR operators for K—nn. New current-current and
chromomagnetic matrix elements (Bercolini Maiezza, PN 12,713,141

AMk: Short Distance - enough; Long Distance - uncertain.

® B0 mesons revisited

BB: Enhanced, in correct box. Useful free phase...



K, B meson mixing

...correlated bound Mw. My : [Bertolini Maiezza, FN 141
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FIG. 9. Correlated bounds on Mr and Myw,, (region above FIG. 10. Combined constraints on Mgr and Mw,, from ¢, &’
the curves) for ‘AM IL<R| JAMZ? < 1.0,...,0.1 and for 6. — By and Bs mixings obtained in the P parity case from the
0; = /2 in the case of P parity. numerical fit of the Yukawa sector of the model.

...still some room at LHC.

AMk afflicted by long-distance uncertainty, but
B-mesons competitive now, dominant in the future



K, B meson mixing
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If with an axion, other PQQ effects calculable and correlated...

Induced CPV Axion-nucleon coupling g .,

Interplay between ¢, €', d, with g
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N —
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1072 ARIADNE 1_00_%\ ________ g <0.1
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FIG. 1. Regions in the LR DFSZ model of the CPV axion
nucleon coupling probed by ARIADNE.

S00Nn tO be pr Obed .‘) [Bertolini, Di Luzio, FN, PRL ’21 ]



[LR at collider



[Keung Senjanovi¢ ‘83l

N
Wr (W3)

do/dM [pb/GeV]

My (WR) [GeV]

T

My = 4TeV

%)
15+

do/dPr [pb/GeV]

10+

i : 7. :
4000 5000 6000 7000 8000 4000 5000 6000 7000 8000
Pr(f1) [GeV] LEL L My, [GeV] My, [GeV]

FIG. 2. Wkg invariant mass distribution (upper) and primary | ' . )
lepton pr distribution (lower), for My, = 4-7TeV (solid to - FIG. 4. Left (I'lght) plOt percentage of seconda.ry lep'

dotted). For increasing My, the events on the on-shell Wg - tons passing the isolation requirements is shown by the solid
125 |




[.LHC exclusion and reac
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FIG. 9. Summary plot collecting all searches involving the KS process at LHC, in the electron channel. The green shaded
areas represent the LH sensitivity to the KS process at 300/fb, according to the present work. The rightmost reaching contour
represents the enhancement obtained by considering jet displacement.
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[ Nemevsek, FN, Popara PRD ’18 ]

~

FIG. 6. A typical event featuring the prompt electron and a
merged jet on the opposite side, including the secondary electron
and hadronic tracks (blue) from a ~3 cm-displaced vertex. Both,
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FIG. 9. Summary plot collecting all searches involving the KS process at LHC, in the electron channel. The green shaded
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FIG. 6. A typical event featuring the prompt electron and a
merged jet on the opposite side, including the secondary electron
and hadronic tracks (blue) from a ~3 cm-displaced vertex. Both,



and check a future collider
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N decay
phase space

2 body mixing

3 body KS
3 body Dirac -

o shoyks 2bodyWRl
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L,




FCC-hh study

signal vs background
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FCC-hh
study

kinematics
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Back to

origin of neutrino masses?

Higgs(es)



Can we probe
neutrino mass generation?

e From the two group breakings

il U—|—¢O ¢—|— i 54—/\/5 ST+
q)_< o7 qb%%) AR_(vffM% —5f/ﬂ>

¢ gives Dirac mass, Ag gives Majorana mass:

»C'yuk i) EL(yZCI)—FQli))LR i yALRLRAR

1
A 7]
plus Mz/ —ML _MDM—NMDa

o [deally one would like to see the higgs rates...



Higgs sector in more detail

il U_|_¢O ¢—|— it 5+/\/§ St
(D‘( it gb%2)> AR_(me% _5f/¢§)

o 0% responsible for the RH neutrino masses.



Higgs sector in more detail

il U_|_¢O ¢—|— it 5+/\/§ St
(D‘( it gb%2)> AR_(me% _55/@)

o 0% responsible for the RH neutrino masses.

e But neutral higgses mix: v~
V= — 3 (®T®) — 13(207 + T®) — u3(ALAR)

+ A (@T0)2 4+ p(ALAR)? + a(dT®)(ALAR)
h = ¢]cosl — 3 sinb

A = ¢ sinf + 6% cos

m; = 4\v® — a*v?/p ma = 4pv5
0=~ (3;) (o)
2,0 UR

SM Higgs couplings are reduced... still 20-30% mixing allowed (!)

[ Pruna+ PRD ’13; Profumo+ PRD ’15; Chen+ PRD ’15 ; Robens+ EPJC ’15
Martin-Lozano+ 1501.03799; Falkowski Gross Lebedev 1502.01361; Godunov+ 1503.01618 |



so, Higgs probing Majorana masses

Loyuk = YALRLRAR
* gives Majorana neutrino mass, to check by A decay

My = yavr I['(A - NN) < ya

e with A-/4 mixing, now also Higgs can decay to NN

N

h

—_ — 99— —

YA sin 6 N

a new SM Higgs decay, checks RH neutrino mass



LNV Higgs decay

[Maiezza Nemevsek FIN, PRL ’15}

N is Majorana, thus LNV Higgs decays:

e 50% same sign dileptons

e In LR, N decay Wr-mediated hA

e heavy Wk, light N~30GeV,
i.e. long lifetime

e Nlifetime submillimeter to meters: displaced vertices

LNVH complementary to KS



H — NN LHC Sensitivity
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H — NN LHC Sensitivity
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Similar,

A — NN

€Ven more promising

Figure 5. Left: Feynman diagrams for pair production of N through the A resonance that leads
to two same-sign leptons and a AL = 0,2 signal. Right: pair-production of A via an exotic Higgs
decay with four leptons in final states with AL = 0,2, 4.
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Figure 8. Contours of estimated combined sensitivities of the h - NN, A — NN and AA — 4N
channels at 3 and 5 o with solid (dashed) contours corresponding to sy = 0.05 (0.1). The left panel

[ Nemevsek, FN, Vasquez JHEP ‘17 | R |
towards a joint study with ATLAS now



Just in:  Full LRSM solution

e.g. Neutral scalars spectrum solution

/ 42 <A1 n dtco (Mg (t2+1)+4Xztcy)

) % (a1 _ EX(Csnatsy/ony)

1412

) 162 (120 —1) (Aa (241) +82gtca) 47520 (Aa (t241) +8Astca) )

(2+1) (#2+1) (2+1) (2+1)
%% (al _ th(t2—32a+g2 /352) % 2tXe(t2c2a—1)s2a+52/352 2t3X682aSa+252/852
(t2+1) (t2+1) (t2+1)
462 (t2cga—1)()\4 (t2+1)+8)\2tca) 2tXe(t202a—1)sa+5 /Ss 16)\262(t202a—1)2 16)\2t26282a (tzcza—l)
G GO SR G (21)?
4t26232a()\4 (t2+1)+8)\2tca) 2t3Xesasa+52 /868, 16Aot2€255, (t262a—1) X + 16>\2t4ezs%a
\ (3 1)° (31)° (+1)° CEVCE

where for compactness we defined X = Tz a3, Y = 4p;, and t = 1.

Ahot?c? 16Agtca 7
m2 = ? (4, ¢ 02020 Ca | 10MabCa 4
(t2+1) t2+1

[ ~ 16)\2 t4 — 262at2 +1
ma =vg |Y +sec(2n) [ (Y — X)s. + € (YOZC,Z7 - ( @11 ) 52 ,

I ~ 16/\2 t4 — 262at2 +1
m?, = v% | X —sec(2n) | (Y — X)s% + € (Y923727 — ( @1 1) ) 2 :

14 ¢

m43 =v5s X, X = T

1_t2a3.

(57)



e [Explicit solution of couplings in terms of

Full LRSM model file

[ Kriewald, Nemevsek, Nesti , EPJC 24 ]

physical masses and scalar mixings!

e [Explicit solution of square root

for Dirac neutrino mass! (Cayley Hamilton)

VA=+

A? + (Tl/g — T12/2) A — \/ZT]_/2 1
VA =T 5T .

e FeynRules & UFO implementation
including QCD NLO

UFO @ LO UFO @ NLO
mlrsm mlrsm-loop
mlrsm-nu mlrsm-nu-loop

mlrsm-full

mlrsm-ug
mlrsm-ug-nu

mlrsm-ug-full

mlrsm-ug-loop (*)

mlrsm-ug-nu-loop (*)

TABLE II. UFOs included in the mLRSM package, with vari-
ous restrictions. Here, the first three lines list UFO models in
Feynman gauge; the last three instead list models (-ug) where
unitary gauge was enforced, stripping off ghosts and wbGs.

https://sites.google.com/site/leftrighthep/1-Irsm-feynrules

1—t2a3EX_)E’ (72)
mA + (m?% —ma) s?
4p1 — Y — A ( 112 A) u 9 (73)
VR
m> 2 2 2
At e“X (te -1
P2 5 ( 2) ) (74)
dvg 4(t2+1)
m3 Y 42 Xt3%s?
P3 §L 5 2 (75)
R 2 (2+1)
m2 Y - A4 4tc )\2
A = —2 4+ —6% — 4tc, =
1—>41)2—i-4 c <t2+1+(t2+1)2 , (76)
2
\ m3 —m? — (my —mi) sz (2+1)
2 — ’
16 v? (t4 — 2¢20t% + 1)
(77)
/\3 — 2/\2 ) (78)
- X(2+1) - Xn tCaXs
Ay — 0 - < 79
1795 (caa —1) ' 2(82+1) (2+1) (79)
2 .
; (m2, —m32) (t2 + 1) sin(2n) (80)
2 4m2 ey/t1 — 2co0t2 + 1
ts
8y — tan™! = 1
2ot (B0 ) 1)
Yo tX (Y — X)cata )
a; = — +t + , 82
T (t2+1 2 ev/tE — 2c00t2 + 1 (82)
X (2 — tca) t2s2
— o 1.
22y @ \/ (2 —tea) T (83)


https://sites.google.com/site/leftrighthep/1-lrsm-feynrules

Resume - Outlook

Neutrino masses exist - Left-Right symmetry predictive
e Lepton Number Violation

e Flavor & CP constraining, strikingly still surviving.
B mixing ruling now, e+&'+d, predictive, Mz 27-10TeV

e Borderline @ LHC ...
e LNV ... displaced for the brave - or next collider
e LNV in higgses

e New model file



Resume - Outlook

Neutrino masses exist - Left-Right symmetry predictive
e Lepton Number Violation

e Flavor & CP constraining, strikingly still surviving.
B mixing ruling now, e+&'+d, predictive, Mz 27-10TeV

e Borderline @ LHC ...
e LNV ... displaced for the brave - or next collider

e LNV in higgses \
Thanks:

e New model file






LR - LLagrangian

L= LGauge + LHiggs + L termion + Lyuk + LMaj
Lhiggs = Tr[(DuAL)T(D* AL)] + Tr[(DpAg) T (D* AR)]
+ Tr[(Due) (D" §)] + V (6, AL, Ag)

L Fermion = ;i Paii + L1ii Pl + (L <> R)
Lukawa g = q1;(Yijo + Y’,jgz;)qu + h.c.

Lyukawa e = Lri(hijd + BUQB)ERJ- + h.c.
Ltajorana = YI[€,;C 1AL £y + (L <5 R)] + h.c.

1 _2¢.,2 /2 2 2 ) a—ic +p
i sge(ve+ve+2vy) —gew'e 7%
L,y = (WLM WRM) <2 L ) ( L

_gz /el g2 V/% W;“
WBL VV3R B
g2/2(rf;:2 + 23’2 + %v%) i —9242(&2 ;I— h?’z)o —Qgg’sz
—g° /2(k* —I:) K'#) g°/2(Kk* + K'* 0+ 4v%,) —2g4'v%,
—2g9'v} —2g9"* v}, 29'%(v} + vi)

D,U¢ — 8u¢ + 181 WLM » — IGRP WRM
Dy = 0udp + igeWi rubLr + 8" (B — L) /2ButL g
DA Ry = Oul,Rr) + i8(LR) IWLR)u> ALR)] + 18 Bul(L Rr)



LR - Scalar potential

V(¢7 AL7 AR) —

~i3Tx(679) — i3 [ Tr(do) + Te(B1 )| — 13

Tr(ALA]) + Tr(ArAL)]

A 106 6)]” + 2a { [10800)]” + 1576}

FATE($0)Te(319) + AaTr(10) [Te(Fo1) + Te(319)

+pr { [Tr(ALAI)r + [Tr(ARAL)r}

+p2 | Te(ALA)TH(A]A]) + Tr(ARAR)Tr(ALAL)

+p3Te(ALA])Tr(ARAL) + pa | Te(ALA)TH(ALAL) + Tr(A]A])Tr(ArAR)]

+a1Tr(¢1¢) | Te(ALA]) + Tr(ArAL)]

+ {aze® | Tr(@o")Te(ALA]) + Te(T6)Tr(ARAL)| + hic. |

+az [Tr(g9! ALA]) + Tr(etoarAL) | + 1

+62 [Te(BAroTA]) + Tr(3' ALpAL)] + s

Tr(pArdTA]) + Tr(6TALAL)]

:Tf(QbAsz;TAD + Tr((bTALQBAL)]



Neutral scalars spectrum solution

dtco (Mg (t2+1)+4Xztcy)

where for compactness we defined X =

162 (120 —1) (Aa (241) +82gtca) 47520 (Aa(t241) +8Astca) )

( B t2X (t%2—s9445,/5s
4¢? <A1 =+ (t2+1)2 ) 2¢ (011 ( (t2+1-;22 2)) (t2+1)2 (t2+1)2
9¢ (041 B tzx(tz(—j2a1;g2 /552)) v 2tXe(t262(a2—1))s2a+52/852 2t3Xezzgsa;.252/s52
24 241 241
4e?(t2ca0 —1) (Aa(t2+1)+8A2tca ) 2t X e(t2coa—1)sats, /56, X+ 16x2¢? (t2c2q —1)° 16x2t2e2 524 (t2caa—1)
(12+1)° (¥2+1) (12+1)" (12+1)"
4t?2€? 594 (Aa(t%+1)+8Xztca ) 2t3 X esaSats,/56, 16X2t2 €259 (t%coq—1) X 4+ 16Xot%e?s2
\ (1) (741’ (1) I
2 (57)
_ 1+t

= 17203, Y =4p1, and t = 1.

m3 = v? (4n, ¢ 22 % | 100tea  y5 )
(t2+1) t“+1
' - 16X (t* — 2co0t? + 1
ma =vg |Y +sec(2n) [ (Y — X)s. + € (YOZC,Z7 _16% @ +(;2)2 +1) 2)” ,
' - 16 (* — 2c90t2 + 1
m?, = v% | X —sec(2n) | (Y — X)sf, + € (Y92s,,27 — 2 T +012)2 +1) 2)” :

X =

1+ ¢
1_t2a3.




Probe Dirac Mass?

e Recall Mp is predicted Mp = My \/ — — —M

e Too small to see h —1v, but N decays also through Mbp:

0.01¢ — My,=6TeV
== My,=3TeV

10 20 50 100 200 500 1000
my in GeV [Nemevsek Senjanovi¢ Tello PRL 13}

FIG. 1. Branching ratio for the decay of heavy N to the Higgs-
Weinberg and SM gauge bosons, proceeding via Dirac cou-
plings, exemplified v, = 0 and Vr = V; . The solid (dashed)
line corresponds to Mw, = 6(3) TeV.

My, lvr  m,| Becomes more relevant
Mg, m% |vrR  mn for heavier W
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K to 7t - LR matrix elements

VSA QM DQCD

(QT"), —1.8 ~3.6 ~1.1
(QT™), 0.53 0.33 0.40
(Q5%),  —0.62 1.2 —0.059
(Q27), 0.16  0.092  —0.005

TABLE I. Comparison of K — 7 matrix elements of
the left-right current-current operators Q{j}; in different ap-
proaches. The values are given at the scale of 1 GeV in units
of GeV?® for central values of the relevant input parameters.



AF = 2 Hamiltonians

Effective Hamiltonians from the box diagrams:

L, GEM},
HI 2= — 5 Y dwPiddyuPid Y NN Sw (i, ) i
d,d’=d,s,b i,j=c,t
HAF=2 — GF M, 8 d'P,dd Prd AFRARE S
(R~ = 75 6] Z L R Z Lr (Xiy Xi, B) LR, ij
d,d’=d,s,b i,j=u,c,t
HAF=2 — GF M, d'v,Prd d'v,Prd S AFARRS
RR - 47'(' /8 Z ’V,u R ’Y,u R Z RR (X17 )<_j7 /8) nRR I_]
d,d’=d,s,b i,j=c,t
where

M =VEVig, xi=(mi/Mw)?*, 8= My, /My,

. — 0
and Matrix elements for meson M%-M  are:

- - _ 2
(M°|d'yuPdd'y,Pd| M) = ZfamuBif
. . _ 1 1
(M°|dPd dPrd | M) = 2 fimuBif mv_ \ 41
2 my: + my 6




I7J:u,C7t

= (mi/Mw,)*




KS process vs background
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FIG. 6. Event distribution in pr and displacement of the hardest jet. Shown are background (gray) and signal (red) for some
sample values of My, = 4,6 TeV (upper, lower) and my = 20,60,150 GeV (left to right). The distributions are exemplified
with a binning grid of 15 x 15, the increasingly dark shading referring to bins with respectively more than 0.1, 1, 10, 100 events.

Signal VS background with displacement




How Right 1s WR?

LHC is pp symmetric: not possible to use a simple 4 asymmetry of Wk .

e Use the first decay Wr— elV.

- Determine the Wz direction (from the full event)
- Identify the first lepton. (the more energetic)

- Its asymmetry wrt the W direction gives the 'Right’ chirality.

e It is necessary to efhiciently distinguish the two leptons.
(Easier for My~ 0.7 Mw: [Ferrari’ool)

e Also the subsequent decay N — /jj may be used.

Polarization visible in a wide range of masses My, My:.



LNVH



LN VH in other models_

e Seesaw type-I and III: # — vN decay may turn into
h—NN LNV decays, by paying a price of MDir.
However, mixing is now excluded icms-£x0-12-057]

e SUSY with R-parity violation {Allanach, Kom, Pas 09}
Not excluded, need a dedicated study, e.g. [T. Banks,
JHEP ’o8]. Current limits pose a challenge.

e Scalar singlet + N ok, but no neutrino connection
[Graesser 07][Shoemaker+ *10]

e Simplified model may be B-L spontaneous breaking.

Our analysis applies to generic models / lifetime scenarios.



displaced vertices after cuts

10.0 - signal 20
50 7 WZA+ZZ+ 1+ WW]] ;
o loose muons
20
2
5 10,
" oos L H
02 | d |
0.1F . signal 40
o001 A 01 1 10
dr [mm]
{l {1131 !
| We cut on a sliding window

Track vertex resolution ~ 20 um function of mx



muon Pr- before/after cuts
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muon Pr- before/after cuts
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0.5

CMS

...allowed Higgs mixing?

19.7 fb (8 TeV) + 5.1 fb™ (7 TeV)

+ Observedé
¢ SM Higgs|

(CMS PAS HIG-14-009]

[Falkowski Gross Lebedev]

. . . . 0.0 ]
50 100 150 200 250 300 400 500 &00  TOO  BOO O 900 1000

my, [GeV] my, [GeV]

Figure 3: Left: Parameter space (for mpy, < 2my, ) excluded at 95 % CL by direct
searches (red), precision tests (gray), and H; couplings measurements (yellow). For

[ Pruna+ PRD ’13; Profumo+ PRD ’15; Chen+ PRD ’15 ; Robens+ EPJC 15
Martin-Lozano+ 1501.03799; Falkowski Gross Lebedev 1502.01361; Godunov+ 1503.01618 ]



h — NN - large decay rate

2 2 2 2
PNN 1 (9_ <mN> ( MW ) (1 4mN
Wi 2
L'z 3 \ my My, ms
MWR:3T6V
30%
5 10’Of I i i
g 50°L 20% \\\\ ]
Z | = g N
=z | < \
! i / 10% \\\
<= | = %
= 107 \
05 i
10 20 30 40 50 60
mNinGeV

h to NN first mentioned in LR by {Gunion+ ’89]}

Graesser studied effective operators: {Graesser PRD 76 (2007) 075006; arXiv:0705.2190}



SM Background, same sign

e Electron channel - forget it:

charge misidentification + photoproduction
need to be experimentally measured

 Muon channel: challenging

- prompt muons from WZ+ZZ+VVjj+ttbar

- nonprompt muons from

=
QCD jets + o
hadron misidentified g
as a muon B
To be meas\lfed
L ONS
. COntYO\ (eglon ..
1n g St.lmate
We try

19.7 b (8 TeV)
12— | Misid. muon bkgd.
- CMS "
10 B Higgs boson
- VVV
B tt+V
8— —— my =100 GeV, IV _*=0.001
B s ——— my =300 GeV, |qu|2 =0.05
6 B ¢ Data
B M
4 r
2 _— ¢ { T S
007 100 200 300 400 500 600 700 800 9001000

[CMS-EXO120571

utudjj invariant mass (GeV)



Basic cuts and Event count

(extension of {Roitgrund+ 1401.3345])

* Model implemented w/ Feynrules

* WZ+ZZ+WW 2j+tthar simulated, QCD estimated =*2.5 factor

Cuts {GeV]

¥ <30
Pr(u) < 55
M(uu) < 80

Mt (upr) < 30

AR < 0.4, etc.
min P7{(j)=20
isol u >0.3
min Pr{¢)=10

(available at https://sites.google.com/site/leftrighthep)
* Collider simulation with Madgraphs+Pythia6+Delphes3

Imposed cuts

Process |No cuts 1 i,u 10 o ET T T
WZ 2 M 544 143 | 78 | 40 | 20
27 1M 55 29 |16 | 12 | 8
WEW*25 | 389 115 R e !

tt 10 M 509 97 |40 | 22 | 14
Signal (20) 254 11 11 [ 10| 9 8
Signal (40) 543 44 43 | 41 | 38 | 37

TABLE I. Number of expected events at the 13TeV LHC
run with 100fb~" collected luminosity after sequential cuts
described in the text. The signal is generated with my = 20

and 40 GeV,sinf = 10 %, Mw, = 3TeV and n; = 1,2, 3.

On top, lets take advantage of vertex displacement...



~ )
Beam pipe M//

Pixel modules



Simulation and Displaced Vertices

® Madgraph 5 event generator - updated

(module to add decay time in parton events)
® Pythia 6 hadronization (writes lifetime in stdhep)

e Delphes 3 detector - updated

(new module for vertex track resolution smearing)
(extended lhco format to hold vertex info)

® Madanalysis § analysis package - updated

(to read new formats and treat displacement)

(...becoming a complete suite)



LNV Higgs - displaced vertices

| prompt |7 sty |
| loose muons

background
WZ+ZZ+WEWEjj+1u

10t

T of events

mpy=40 GeV

0.1+

muon dr in mm

FIG. 3. Reconstructed transverse muon displacement after
pEpt4n, event selection and before other cuts.

We cut on a sliding window
Track vertex resolution ~ 20 um function of mx



Displaced vertices power

e Background: usually one prompt + one loose muon

e Signal: muons are both displaced
N lifetime depending on my and Mwr

e Thus we require two displacements,
and employ a sliding window cut: L/10 < dpr < L %5

e Background is greatly reduced:

2 12/

- [

2 10;

L I

2 8‘/\,\

gl = 6

* For each N mass/lifetime, 2 4

it g |
we optimize on L. At \/\
OFf | . .

0.02 0.2 4} 20. 200.
L [mm)]



Improvements

Challenges

¢ Relax minimum muon Pr below 10GeV?
(x 2 more signal!)

e Tighter missing energy? <20(GeV?
e (Go to better jet recognition/substructure
e Displaced jets (naively doable)

e Displacements vs pileup problems?

e Triggering at low pt? gy with Atlas



NB: need one loop EFT

o At such small maZ2...

trilinear couplings as AAA or #AA are loop dominated:

o1~104(1)  3~20()  mp~(20TeV)

V4 /

2 4 3

[ 1 8 4 5
p1 (in)? (§a§ +27p§)] A%+ O (A% )
[A. Maiezza, M. Nemevsek, FN PRD ‘161

More couplings and frelds involved...



Tree level potential (neutrals only)

(2A1A* + 2228 + 231" +8 V2 €Al h* +8 V2 €21’ +4 V2 €A3h* + 8 H A2sin2 B i* +

G| =

201 A0* K2 +a3A0* =4 ul? B2 +4 el h* +2a3 i +42 el AOR2 +2 2 a3 A0R? + 4 H? A1 W% +
UENM +4H* 2 +24 2R +2H2 3R + 1230 —8V2 eul’ h+ 42 al A0’ eh +
2vV2 a3A0°€h+8V2 aleh+4V2 a3eh+16alA0eh+8a3A0eh+8V2 H €Al h+
8vV2 H* e X2h+4+V2 H*eX3h—8H> 12sinR B h+2 H* a1l AO? + H?> a3 A0? + 4 a1 A0 €% + 223 A0? € +
8ale’+4a3€?+8V2 al A0 +42 a3 A0 —4 H? u1? —8€® ul®> — 4 A0? 132 — 8 +/2 A0 u3? -
8u3?—(h*+4V2 eh’-6(H?-2€*)n* — 122 H*eh+ H* - 12 H? €) (222 + 13) cos’() +
(h* +4V2 eh’ —6(H> -2€))h* - 12V2 H*eh+ H* - 12 H? €) (212 + 23) sin*(B) +
4H*al +2H?*a3+4V2 H>al A0 +2V2 H>a3A0 +2H* A1 + 8 H? 2 A1 +2H* A2 +
SH2E A2 +H*A3+4H*2 13 +2A0% p1 +8 /2 A0 p1 +24 A0? p1 + 16 V2 A0 pl + 8 pl +
2204 1" +8V2 €M h® +4 (62 24 — p2%) h? + (H @3 (A0* +2 V2 A0 +2) -8 V2 ep2?) h +
4H* 0?8 12 +vV2 Ha3 A0?e+2V2 Ha3e+4Ha3 A0e—-2H* M4 +
202 ((A0% +2 V2 A0 +2)h? +2(V2 A0* +4 A0 +2 V2 ) eh— (A0? +2 V2 A0 +2) (H? - 2 €%)) cos(82)) sin(B) +
cos(B)(8HA4 h* —a3A0* h* —2a3h? =22 a3A0h? +24 V2 Hedd h* — 16 H ;2 h— 22 @3 A0% e h—42 o3¢
h—8a3A0eh+8H Mh+48HEAMh+H? a3A0° —2a3A0% € —4a3€®—4V2 a3A0€> - 16 V2 Hepu2* +
2H*e3+2V2 H?a3A0+8 V2 H* €24 +8H 02 (h(A0? +2 V2 A0 +2)+ (V2 A0% +4 A0 +2 V2 ) €)cos(2) +

SH(A3h +3V2 eA2+A3)h* +(6€% 222+ 13) -~ H? A3) h — V2 H? €13)sin(B)) - 8 V2 H* €12 sin(2 B))



Vs =13 TeV
My, =4 TeV
59 = (5.10,20)%
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Kaon CP versus Strong CP



Kaons: ¢, €’

(measure of New Physics A=NP/EXP)

o h.<10% correlates 6; and 6;, for low Wr:

C) Isintt. ~ 2] < (1) s 0504~ 0

My,

P) | sin(0s — 0g — 0.16)]5,5,=1 < (71 TeV) TR es_edN 016

e ¢’ mediated by LR miXing C . _dw)

WL
her =~ 0.92x10° || [Sin (a—0,—03) + sin (a—@u—é’s)] %WR

d(s) ] ' u

So, a single combination 1s relevant, e.g. (& - 6y - 04).

Let s see strong CP...



Oocp and arg det M in LRSM

e Case of C: both are free - no prediction.

e Case of P: fix Oqcp zero at high scale, but after

spontaneous P breaking, arg det M is calculable:

I
2
Then — EDM limit requires vanishing sa#2g

O~ —s, tog Retr (mgl‘/deT — mglvauV)

Then — all phases vanish
Then — b. constraint can only be satisfied if

MWR = 30T€V

[Maiezza Nemevsek PRD ’14}

Situation changes if some mechanism (like PQ) cancels ...



d(s)

nEDM ? Even with 8 = 0 (PQ?) %

° ° WR
still CP 1s broken - I "
o JVi-Wr exchange brings CP violation O — dairse, OV = dabayivede
in eftective operators, 01" = ioq Go,irsa
as Quq = (ud)r(du)r.  Rearranged: OF" = o4} Gpoirste

Of = gqgiysq. O3 = go,,q Go*"iysq.

e

05 = _@eqmq qouiysqF*,
e Run at low-energy... )
O =- 16S 5 Myq0,,1ysTqG™,
T
O = _l s facha Gb,o'Gc./w
. 3 1672 po=y '

e ...and bosonize:
— CPV operators in meson Chiral Lagrangian, e.g.

T Z.Cqu’ €3 ([UT]qq[U]q’q’ - [U]qq[UT]q’q’)

FiB}
4

i)

(Low energy constants in large N as ¢; ~



Still CP is broken - 11

e they give meson tadpoles, i.e. shift chiral vacuum
0 Gp

(=)~ 2

e which induce new CP violating couplings,

2v/2 B,

Gupr =270 (b + bie) (ma = ) (7°)

403
BoFr(mg + my,)

(Clud Cldu)

e which give EDM at loop, e.g. :

2
dn&’ € gnpw(D_l_F) <log%_ﬂ'mw)

8m2F;: /2 mect Dy




...still CP is broken - I11

e The UV coefhcient has Vg phases and W mixing;

G |
iz = oI (VLAY ) [ sin (o 40 B4 Bg)

V2

So it’s the same phase combination as ¢’.
hgzPQ ~ 10%¢| x 1.65sin (o — 0, — 0y)
hig * =~ 109|¢| x 0.21sin (a — 0, — 04)

(comment below, for the PQ suppression)

(dug and others... /x.)



e y o

Case of C: no bounds,

the free phases can be taken zero
to cancel all CP violation.

Limit still given by K and B
oscillations, My:=z7TeV

M Wgr [TeV]

FIG. 4. Case of P: The shaded regions in the My, {3 plane
are excluded in order to have at most 15% new physics contri-

f N\ /| L g O\ J
| bertolini, Maiezza, FIN, b




Insides of CP and PQ)

e Important to use single approach, as yPT.

(n0) _Gr ua) €3 m, +my+ 4m,
1 1 —_ Fzr B \/_7: ! B()Fizz m,ngy + mgng + mgm, ’
e E.g. the induced axion VEV 0, 1) _Gr uaV3es  my—m,
b L Ff[— l BF/% u(+ ¢ .s‘+ s “*
consistent with the meson ones... il sl il
0 . ~ _FC[H(/] C3 Mg —my

eff — ] ’
\/5 B()F% m,myg;

o When inserted into g, , this cancels exactly

by, <7f0> (m, +my) [ (1g) {10) Mgt éeff
e = (by+b)2\/2 |(m,—m L SO LA D =0.
i F,,( p b2y |y —m) F, /3 F, V2 F, man, + mgm, + m,m,

(i.e. the dominant d, vanishes! hence the PQ) suppression)

...a general result, only depends on the operators.

[Bertolini, Di Luzio, FN, PRL ’21 ]



Other PQ) eftects calculable and correlated...

=’ <

Induced CPV Axion-nucleon couplir

> ______________ i ,. |
S | {40
S | {0
X ',f||'l:| T
———————————————— MY I YIRERAY
3 (ST
5 T
= he<0.5 he<0.15 BT I'-;!l'l._ri
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SQUID Sensitivity Limit | L' T
TR R L e
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Mg ITeV) G
o O A
FIG. 1. Regions in the LR DFSZ model of the CPV axion ’}t
nucleon coupling probed by ARIADNE. 'lll N I A
[Bertolini, Di Luzio, FN, PRL 21} il i i ) ¥ il ;'5_ j
IR ). _-_;:.r’“.-l?;ft.3"]'_fi'.:;i'-f..‘-ni'-‘:',‘111}%
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Perturbativity



0.4

EWPT and A to photons

B mixing & perturbativity

[ S&T j

*in TeV

my

B mixing & perturbativity




RH neutrino bound from
stability and perturbativity

0F— >~ T - - - T -~ T v T

A0 [ RH neutrino bound from stability j !
\@ |
O\0
30- 2 >
| .
= ¢
g O
% Fg \i\}(‘)’{xq{(j
- = Qeﬁ\'
= 20- & VO
> 3
S 2
-
10 &
I ae
O
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Perturbativity in LRSM

(all relevant scalars one loop/tree level ratio)

Heavy FCH generates tension...

[ FC nggs \& WR perturbatlwty )
“'§§\0
dlo )
» ‘\0@‘1
@\
Na
_\Qolo
15 _ B—B mixing _
10+ :
4 6 8 10 12
M Wg in TeV

FIG. 3. Perturbativity assessment of V. s (dashed) and tree-

level unitarity (solid) of a3, together with the bound on My,
vs. my from By, — EE,S (see [19] for details).

{Maiezza Nemevsek, FN 1603.003601

..points to heavier VR

>
o)

(Still one can have
sizeable hlggs mlxmg)
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