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e Intro: what are Non Standard neutrino Interactions?

° (LEP Il bounds on contact interactions of charged leptons

...can be extrapolated to NSI on electrons (for a class of models) )

e NSI at the LHC? IF NSI are contact interactions at LHC energies (!)
cross-section is tiny, background even smaller = LHC will see them?



Review — SM v interactions + NSI

experiment: v interactions, GeV S E, < 50 GeV:
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current bounds from v interactions : ¢ <1 — 102
future v facilities (vFact) sensitive to € 2 107° — 10~*



Review — SM v interactions

experiment: v contact interactions, GeV S E, < 50 GeV:
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W, Z, are gauge bosons = flavour diagonal couplings (tree level, flavour eigenstate neutrinos)




Review — SM v interactions + NSI

experiment: v contact interactions, GeV S E, < 50 GeV:
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W, Z, are gauge bosons = flavour diagonal couplings (tree level, flavour eigenstate neutrinos)

NSI: add particles from Beyond the SM (BSM), with M > my,

(majorana masses =- heavy (?) BSM)



Review — adding BSM that generates NC NSI, at dim six

e To obtain NC NSI on electrons ~ e, 3G r(Vgy"'va)(Evue) |
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At “dimension six", so o 1/M1235M :
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Review — challenges for BSM that generates NC NSI at dim 6

e To obtain NC NSI on electrons ~ e¢, 3G r(Vgy"v,.)(€vuPre) |

e e e e
>«W\< and/or h~~= and/or ...
Lo £s Lo £s

. 74
; ( electroweak is gauge symmetry (proved by LEP: finite loop predictions were observed), SO £ = ( )
(&4

bounds on dim. six NSI from non-observation of charged lepton flavour violation
e Avoid charged lepton bounds by assuming NSI arise at dimension eight:
ap \/5
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How to get this (at tree level)?
Can arrange a cancellation at dim 6.



Review — BSM that generates NC NSI, at dimension eight
e To obtain dimension eight NC NSI on electrons ~ e¢ 3G r (Vg v,)(€vuPre) |

e e
>M< and
£ L3

(01

e
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e arrange a cancellation at dim 6: e.g. S and V exchange, with g°/m:, = h?/(2m%): AGave'ahet a:
ntusch eta

2 - 2 - _
- 29_ (ev"e)(€vuf) h2_ (£y"€) (evue)
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Then suppose a mass splitting in scalar doublet oc A?v?, so cancellation imperfect for v legs.

Get

RPN — ix4Gr ,_ _
(€ " Pxe)(Hloy, Hlg) ~ €, (ev"Pxe)(Warrvp)
my g \/§

NB: masses, scales, coupling constants for dim 8 NSI

L e = Fh ) = e f(h A g)
B~ € = 3 7\ A €= 5 7\ A
\/GE' IT S] 771?} 57 7TL§;

Soe>10"* = mg < 2 TeV (for f = 1)
If NSI arise at one loop, then € > 10™* = mg < 500 GeV (for f = 1)

if



@ the LHC' 7

Neutral current, dimension eight, NSI on quarks
as contact interactions at the LHC



Vs = 14 TeV — what would NSI look like?

. . XAGp — _ . _
e at v facility energies, have 5iﬁT§(q7pPXq)(ya%ug) with ¢ 2 1074

1.

2.

if induced at loop, € ~ v*/(167?A*) 2 107* = A < 500 GeV... LHC should produce the
NP in the loop (squarks, etc).

if induced at tree level with dim 6 cancellation (Z’, scalar + vector leptoquarks, ...), have
A ~ m/X\ S 2 TeV. LHC discovery prospects for such particles are model-dep... reach
~ 3 —5TeV??

Suppose that NSI are contact interactions at the LHC (? some of the new particles involved are beyond the
reach of the LHC — e.g. Af = M2m2, or some couplings > 1...) Can we say anything?



Vs = 14 TeV — what would NSI look like?

e at v facility energies, have 51)5%(67”qu)(7a%1/g) with e 2 1074

1. if induced at loop, € ~ v*/(167%A*) Z 107* = A < 500 GeV... LHC should produce the
NP in the loop (squarks, etc).

2. if induced at tree level with dim 6 cancellation (Z', scalar + vector leptoquarks, ...), have
A ~ m/X\ S 2 TeV. LHC discovery prospects for such particles are model-dep... reach
~ 3 —5TeV??

3. Suppose that NSI are contact interactions at the LHC (!) (7 some of the new particles involved are beyond
the reach of the LHC —e.g. A% = M?m2, or some couplings > 1...) can we say anything?

— appeal to the Equivalence Theorem, and replace vv, — W+e;.



The Equivalence Theorem and NSI as contact interactions at the LHC

e (qvq)(Wayvs) and the LHC?
— if induced at loop, € ~ v*/(167%A*) = 107* = LHC should produce the NP in the loop
(squarks, etc).
— if induced at tree level with dim 6 cancellation ( Z’, scalar + vector leptoquarks, ...), have
A S 2 TeV. LHC discovery prospects are model-dep... reach ~ 3 — 5 TeV7?7?
— Suppose that NSI are contact interactions at the LHC — can we say anything?
« appeal to the Equivalence Theorem, and replace vv, — WTe .

83
- The Equivalence Theorem relates matrix elements of the unbroken electroweak theory

((H) = 0) to the broken theory
- ( ...relativistic W, Z dominated by longitudinal components, who look like goldstones...)
- In a gauge invariant dim 8 NSI operator

HY, = Hov, — Hye,

so... vov — We,,.



The cross-section — M/jLM/_eiejﬁF corresponding to NISI on quarks

e (qvq)(Wayvs) and the LHC?
— Suppose that some of the new particles involved are beyond the reach of the LHC (A4 =
M?m?, or some couplings >> 1...) can we say anything?
x appeal to the Equivalence Theorem, and replace vv, — W+L;.
x dim analysis suggests (and can calculate in Eq Thm limit)

~3
_ o4 3
o(pp — WTW e;reﬁ) ~ /pdfs X 8 X massless 4 — bdy phase space
8
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~ 10 °fb——
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o(W+W-I+l-) from NSI at LHC(b =14,r=7), CTEQ10 (Q=100 GeV)
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Ack—cross-section, backgrounds... :(

e (qvq)(Wayvs) and the LHC?
— Suppose that some of the new particles involved are beyond the reach of the LHC (A4 —
M?m?, or some couplings > 1...) can we say anything?
x appeal to the Equivalence Theorem, and replace vv, — W+L;.
* dim analysis suggests

52
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« Ack : backgrouunds...c(pp — tf) ~ nb = 10° fb.
I 1 e
(pp—)WWbb)Xﬁ—>(pp—>WWbeﬁ)

Ack.



EurEEka ! p distribution of final states very different... :)
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3 x 10° NLO tf events: require 3 leptons (e, u) of pr > 400 GeV, < 10 events survive
Eq Thm caln of o(pp — W Wegep): same cuts, 70% of NSI events survive.
This works so well, we “anticipate” it works for 7s (i.e. withouth the 3¢ cut)



Summary

e NSI are dimension 8 contact interactions

’U4

V3G (T ) Faryvs) ~ 3 (T ) EaH Iy HE) = e = 2
for f € {e,u,d}. Can obtain these operators without dangerous dim 6 operators:
-via tree level NP such that the dim 6 coefficients are absent/cancelled
(in loops)
e [f NSI are contact interactions at the LHC:
— the cross-section is tiny, but
— the final state, of several pr Z 500 GeV objects, appears background-free?
Could even see NSI involving 7s?
Sensitive to € = 3 x 10~ %/+/Lfb (assuming background-free)
( If NSI mediators are within LHC reach, maybe it finds them?)

e suppose charged lepton NSI (eye)(V,yvg) induced at tree level

— if coefficients of dangerous dimension 6 operators vanish due to a cancellation, at dimension
8 should appear double derivative 4-charged-lepton operators (as well as NSI):

= (@ve)(TarLs) o (@ve) TavLo)

— bounds from LEP2 on e"e™ — LT L~ translate, with O(1) factors, to € 1072 — 1073,



Back to LEP?



Something new: cancelling charged lepton diagrams only works at zero
momentum transfer

e To obtain dim eight NC NSI on electrons ~ e, ;G r(Vgy"va)(€vue) |

e e
>M< and
£ L3

(81

e arrange a cancellation at dim 6: S and V exchange, with g°/m?, = h?/(2m%): AGave'ahet a:
ntusch eta

2 — 2 — _
— m%i_u(efy“e)(ﬁfyuf) 2<mh%_t) (E'V/%)(eﬁ’ue)

and suppose a mass splitting in scalar doublet o< A*v?, so cancellation imperfect for v legs.
o BUTfor0 K s,t,u K m%/, m%, and gQ/m%/ = h2/2m%, sum gives

2 2
g 29 > _
—— (u - ?t> (£v"€) (evue)

mv

The cancellation of 4-charged-lepton-interaction only works at zero momentum transfer
: : : : : .. t—
=> 4-charged-lepton dimension 8 contact interaction, with coefficient ~ g? % h? _4u
m m
S S
’02
(Recall NSI with coefficient ~ h*\* —)
myg



Summary so far

are interested in NSI at dimension eight (to avoid charged lepton bouunds), invoIving two neutrinos (so can

give a matter effect in LBL):

1 _ er
—_(en"Pxe)(Hl v, Hlz) —s /%

(e’ Pxe)(Tavrvp)

future facilities could be sensitive to € > 1072 — 10~*

can generate at tree level (its hard to get = & 1073,107% at loop), by arranging a cancellation of the
dimension six operator

the imperfect cancellation allows at dimension eight:
the NSI operator < f(g, h, A\)v?/m?,
also the charged-lepton operatorsoc f'(g, h, \){s,t — u}/m?*

bounds on charged-lepton operators at s K 02 (u — 3e, T — 3¢, etc) do not contrain NSI...
but at LEPII, s ~ v* ...



LEP2
LEP2 set bounds, from o, App, on dim six contact interactions ( /s > .85 x (183 — 209)GeV)

47 _ —
— W + - +,,- + -
:I:AQ (efy PXG)(faq/MPYfOé) fafae{e € , L u 7T T }
6,4
: : — : .. s t—u
Translate to dimension 8 double-derivative operators, with same legs but coefficients AT Ad
8 8
v s t—u v
Translate to dimension 8 NSI operators, with coefficient oc A by assuming AT A4 S ad
_ 8 g g 8
(ev" Pxe)({yu Py ) bound 5
ete” —ete™
XY=LL Agy R 10.3TeV | S3.7x 1073
LL Ag_ R 83TeV | S56x1073
RL Agy R 8.8TeV | S4.7x1073
RL Ag_ R 12.7TeV | S24x 1073
ete™ — u+u_
XY=LL Ay R 81TV | S5.9x1073 e =nv"/A*
LL Ag_ R 95TV | S43x1073
RL Agr 2 6.3TeV | S9.1x1073
e — Tt Many O(1) factors!!
XY=LL Ay R 79TV | S6.2x1073 z 5 Ty
LL Ag_ 2 58TeV | S1.1x1072 €aa ~ 1077 =10
RL Agp R 6.4TeV | S9.1x1073
RL Ag_ R 4.6TeV | S1.8x 102




OPAL — bounds on flavour-changing contact interactions at LEP2!
The OPAL experiment saw one eTe™ — ei,ﬁ event at v/s = 189 — 209 GeV, and published
limits on o(eTe™ — eTpuT, erT, 754 T).

Naively, “no point” in doing LFV at LEP2 because better bounds on dim 6 contact interactions
from un — 3e, 7 — 3¢.

Gives stronger bounds on double-derivative dimension 8 LFV operators than LEP1 (not competing
with the Z peak) or rare decays.

—> calculate o for double-derivative dimension 8 operators... and get

(&7 Pxe) (Cy, Py D) :
ete” — ei,u:F
VXY <$8.7x 1077
ete” — e 71T
VXY <1.6 x 1072
ete” — ot
VXY < 1.5 x 1072




Summary

e Neutral current NSI can arise as dimension 8 contact interactions

’U4

_ B 1 _ _

e2V2Gr(fyf)(Tayvp) ~ F(fvf)(faHT’yH%) ==
for f € {e,u,d}. Two ways to obtain these operators without dangerous dim 6 operators:
- with tree level NP such that the dim 6 coefficients are absent/cancelled

- in loops. (?use the quadratic GIM mechanism, suppresses FCNC by making them dim 8...7)

e suppose such NSI on electrons (eve)(Voyvs) induced at tree level

— if coefficients of dangerous dimension 6 operators vanish due to a cancellation, at dimension
8 could appear double derivative 4-charged-lepton operators (as well as NSI):

t—u

~i@10)TavLs)  —=(@ve) (TavLp)

— Bounds from LEP2 on ete™ — LTL™ translateto e <1072 — 1073,



