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Motivation

- So far, LHC (80 fb”™-1) has not observed any
signibcant excess (Maybe RK?)!

- We will have 30 times more data to come.!

- Precision measurement enter to a new era at the
L HC.!

- Some physics scenarios are more sensitive to
precision measurement than direct resonance
searches.



Resonance searches reach the slow phase!
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Mass scale reach at the LHC



New physics too heavy to be produced?

no rate beyond this




What about LEP?

Compared with LEP, we have more energy and

Energy helps precisio||
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LHC has potential.
Both Interference and energy growing behavior crucia



Effective Operators

The model-independent way to capture the new physics effects be

the cut-off:
Ci Ci
L =Lm+ ) 50 > +10i
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- In our parametrization, s the physical cut-off, I.e.
the mass of the resonances.!

- Cils the dimensionless Wilson coefbcients, which can be

large or small (tree or loop) depending the assumptions
about the physics at the cut-off.!

- Dimension-eight operators maybe relevant in some
scenario with:

Cs! GCg



Effective Operators

We are focusing on the following dimension-six operators:
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Power Counting of Wilson Cocoefpcients

Model Oow | OB | Osw | Ogw | O | Ow, | Op
SILH Z% gg,?z Tg% 1fgs1zr2 152 1 Tg%
Remedios 1 1 gg;
Remedios+MCHM 1 1 957"' 1 1 1 1
Remedios+1S0(4) 1 1 9!7* 93* 1 1 1

- Strongly Interacting Light Higgs (SILH), OW is

most relevant one for Di-boson.!

- Remedios scenario: O2W, O3W enhanced!!

- Remedios + 1SO(4): OHW also enhanced!




Diboson helicity amplitudes

The helicity amplitudes can be decomposed as:

with

~

A A2 Aa\ A A2 Aa\ At 3J
Mfllf; = Mfllf; ) (A1 — A2) (1) MR L, Aras

A Angs DXz =1 — Ag, AX3q = A3 — Ag, Jo = max(|AA12|, [AAs4])

If M IS only a function of (s, t, u),
the amplitude Is factorized!

Explicit formulae for d-functions
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Diboson helicity amplitudes: TT

Subprocess SM NP
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- The transverse WW has t-channel singularity, dominate
over LL mode.!

» No Interference with dim-6 as angular momentum
conservation or helicity selection rules.!
- WZ Is antisymmetric under (tu) exchange in the limit
of vanishing hypercharge coupling, resuling inthe
famous ampltude-zero.!

- All can interference with dim-8 operators.



Diboson helicity amplitudes: LL

Subprocess NP
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- Because of the smallness of U(1)y
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W+jets and Z+jets.
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Helicity selection rules tells us this only
contribute to ++ helicity Pnal states (see Azatov

I
etal)! h(A3)| =1 —[g].

Underlying SUSY ward identity for gauge
Interactions at tree level ensure ++ SM
amplitudes are zero (the same reason as the
vanishing of the ++++ four gluon amplitudes)!

Interference with SM not growing with energy,
hard to probe at the hadron collider!

Can be improved by explore the azimuthal angles
of decay products (See Azatov et al. and Panico
et al. )



WW and WZ at the LHC

Focusing on the central region improves the signiba:



We are focusing on the semi-leptonically !
decaying channels

pp — WV — fuqq, BR(W*W™ — fvqq) = 29.2%, BR(W*Z — fvqq) = 15.1%
pp — Wh — Cubb, BR = 12.6%

pp — Zh — £Y07bb,  BR = 3.92%

pp — Zh — vicbh, BR = 11.6%

- Compared with fully leptonical channels, these
have one oder of magnitude larger rate.!

- Alhough suffered from reducible backgrounds V
+jets, a lot of data can make big difference here!!

- Jet substructure methods play an important role
to suppress the reducible backgrounds.!

- 13 TeV W-jet tagging has been improved by a
factor of 2 with 8 TeV. ATLAS-CONF-2017-064



P(cos6*)/0.05

Polarization tagging |
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Reach In different energy bins

pp = WV(lvjj) @ LHC14, ¢l = 1, €y = 0.3, peq = iy
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With HL, weakly coupled EFT consistel




Bounds on O3W
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- Bounds are In tension with weakly coupled EFT.!

- Still useful for strongly coupled case, e.g. Strong

multi-pole interactions.
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Bounds from other measurements
= === Ow + Og, LEP S-parameter

e OHW-OHB,HL—LHCh—)ZY

==== Of)%LEP 6gz. .




Mass scale reach In different scenarios

Model Di-boson | S-parameter | LHC h — Zv | LHC h — v+ | LHC dilepton
s 4m
SILH 4.0 2.5 1.7/% 0.34 .69,/
Remedios 10.6 % 13.4
Remedios+MCHM | 10.64/%= 2.5 1.7 6.5 13.4
Remedios+150(4) | 17.64/%= 2.5 7.5/ % 6.5 13.4

- Strongly Interacting Light Higgs (SILH), Di-boson
can beat the LEP EWPT.!

- Pure Strong multi-pole interactions, LHC dilepton
bounds on O2W maybe the most relevant ones.!

- Remedios+ISO(4), Di-boson can be better for

large coupling g* > 7.




Conclusion

- New physics may only show its tail at the LHC, 1t is
Important to do the precision measurement. !

- The EFT Is a convenient and model-independent way
to capture the effects. !

- With high energy at hand, LHC can beat LEP precision. !

- Non-resonant broad features. Difbcult But a lot data
can make a signibcant difference here!



Back-up Slides



Helicity structure for WW
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- Whether interference or not depends on polarization
of WW. Polarization differentiation can be crucial.



Operator relations

- Equation of motion or pPeld redepPnition!
D'We, = z'gH*%DunLg;f—L%%fL,

"B,
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- Partial integral!

1 1 a a
Op = Oyp + ZOBB + ZOWB ) Oww = g2|H|2Vl_/wW“"

Ow = Ogw + }IO“VW + iOWB- , Ows = g’gH*a“HW;juB“”

- We can use them to rewrite the more derivative
operators with more Pelds -> Warsaw basis.
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see for example Elias-Miro et al.



Phenomenology of the effective operators

hVV contact interactions, V =W, Z,L

Zm%V h, h2 ( Qéw éz )
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- OW and OB don(t contribute to on-shell photon
production !

- OHW and OHB contribute to hZ °, loop level generated
INn minimal coupled theory



Phenomenology of the effective operators

TGC:
Ly = tan29W ,S'W(3)Bw +ig cos Oy dg? (WhWH— W, W) z¥
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- OW and OB contribute to the S parameter, constrained
by LEP.

- O3W modify the magnetic dipole and to the electric
guadrupole of the W, can only arise from loop level in
minimal coupled theory



Phenomenology of the effective operators

Fermion couplingk

h\ 2 _
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- Contribute to the Z-pole variables. !
- We will consider the Ravour-universal effects!

- Contact interactions between ffVh, longitudinal modes
growing with energy.



Phenomenology of the effective operators

Dimension-eighk
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- New signatures: ZZ, 11

_ " E“
- Interference with SM: ! Tz

SM

- Can be enhanced by strong coupling



