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Why we do precision measurement at the
LHC?

Naive scaling of the reach assuming the same
number of signal events:
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We have reached the slow phase for the resonance searches!



Why we do precision measurement at the
LHC?

no rate beyond this
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' long tails

From Lian-Tao

New physics may only show its tails at the LHC!



Why we do precision measurement at the
LHC?

Compared with LEP, we have more energy and

Energy helps precision!

To reach the mass scale A ~2TeV:
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The high energy at the LHC overcome its low statistics (mainly due
to systematics and reducible backgrounds)

See also Farina, Ruderman, Panico, Pappadopulo, Torre, Wulzer




Which energy bin has the most sensitivity?

The I-sigma reach on A :
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Which energy bin has the most sensitivity?
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@® For dimension-six, p = 2, the low energy bin has

the sensitivity.

@ For dimension-eight, p = 4, the highest bin has the

sensitivity.

@® But the systematic will change the whole picture!
It crucially depends on the exact number of
events and thus process-dependent!



Which energy bin has the most sensitivity?

Vs =13 TeV, n, = nyE2/A2
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Which energy bin has the most sensitivity?

Vs =13 TeV, n, = nyE*/A*
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Effective Operators

The model-independent way to capture the new physics effects below
the cut-off:

L= Esm+ZA20 ++ZA4O
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We are focusing on the following dimension-six operators:
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An example:
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Energy growing behaviour!



® Unfortunately, the SM WW, WZ processes are
dominated by the fransverse modes:

ag%a//aék/, ~ 15 — 50  see Pomarol (Aspen 2017)

Polarization tagging is essential to obtain bound!

® For W(Z)h(bb), the reducible backgrounds are the
problem:

LHC@8TeV: o/ /cd ~ 200 — 10

None of them are easy! Here we are going to give some benchmarks!



Bounds on at the LEP and the HL-LHC

A[TeV] ©95% Ow,A=0
LEP 2.5
WV (Z + jets) [0.5,1.0] TeV
WV(C + jets) [1.0,1.5] TeV | (4.8,2.2,1.9 1
Zh(vvbb)[0.5,1.0] TeV L =3ab
Zh(vvbb)[1.0,1.5] TeV (3.2,2.3,1.8)
W=Eh(¢bb) [0.5,1.0] TeV | (4.3,3.0,2.4)
W=Eh(fbb) [1.0,1.5] TeV | (4.0,2.9,2.3)

W=h(¢ + ¢vév) [0.5,1.0] TeV
WER(? + viv) [1.0,1.5] TeV

D (ELL — 1.0&&ETT — 0, €1, — O.5&&ETT — 0.05, €1, — O.5&&€TT — 0.1)
] reducible background is (0, 3,10) times irreducible background
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Another example:
Flavour-universal effects
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Bounds on 0] at the LEP and the HL-LHC

A[TeV] @95% 0¥ A =0
LEP 2.2
WV (£ + jets) [0.5,1.0] TeV
WV(? + jets) [1.0,1.5] TeV | (3.8,2.6,2.4
Zh(vvbb) [0.5,1.0] TeV
Zh(vvbb) [1.0,1.5] TeV (6.3,4.6,3.7)
W=h(¢bb) [0.5,1.0] TeV | (8.4,5.9,4.6)
W=Eh(¢bb) [1.0,1.5] TeV | (7.5,5.2,3.8)

W=h(¢ + fviv) [0.5,1.0] TeV .
W=h(£ + fviv) [1.0,1.5] TeV 3.8

L =3ab "

D (ELL — 1-0&&€TT — 0, €1, — O.5&&ETT — 0.05, €1, — O.5&&€TT — 0.1)
] reducible background is (0, 3,10) times irreducible background



Compare with direct searches

Shaded areas:
Present bounds
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Dimension-8
— Gives rise to unique signals.

> ZZ, vy.

— Can interfere with the SM in some cases where
dim-6 do not.

> e.g. Wr Wi, Wt Z7 . SM rate about 20 times
WLWL.

» Dim-6 interference with SM suppressed. Dim-8
interfere with SM. Equally important.

sOrww = " T Wi,W2? sOrpp = g”T}" B, B¢
sOrwp = g9'T; "W, BY sOry = ¢*T}* D, H' D, H

pp v

SO%y = T D, H 0D, H




Summary about the Observables

Observable do [osm Observable do [osm
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— LEP precision EW, high energy non-resonant WV/Vh,
and Higgs measurement all relevant.

> Sensitive to different combination of the operators.

= Onw and Oug contribute to h—Zy, expect to be
relatively small in the minimal coupled theory.

— LEP limit on Ot dominant. LHC probably cant improve.



Summary about the Bounds at the LEP and

the HL-LHC

L=3ab*
Ow Og Onw Omxs
25 25 0.3 0.3
(5.2,2.5,2.1) (1.5,0.77,0.67) (5.2,2.5,2.1) (1.5,0.77,0.67)
(4.8,2.2,1.9) (1.5,0.79,0.71) (4.82.2,1.9) (1.5,0.79,0.71)
; (342419) | (1.20900.74) | (342419) | (1.2,090,0.74)
Zh(vvbb) (3.2,2.3,1.8) (1.3,0.98,0.83) (3.2,2.3,1.8) (1.3,0.98,0.83)
W= h(£bb) [0.5,1.0] TeV (4.3,3.0,2.4) (4.3,3.0,2.4)
W= h(£bb) [1.0,1.5] TeV (4.0,2.9,2.3) (4.0,2.9,2.3)
W= h(£ + £vév) [0.5,1.0] TeV 2.4 2.4
W= h(£ + fvlv) [1.0,1.5] TeV 2.3 2.3
h— 2Zv 1.7 1.7

The selection efficiency € = 10% for semi-leptonic channels

The selection efficiency € = 50% for fully leptonic channels

D (GLL — 1.0&&6TT — 0, €1, — O.5&&ETT — 0.05, €1, — O.5&&Z€TT — 0.1)
] reducible background is (0, 3,10) times irreducible background



Summary about the Bounds at the LEP and

the HL-LHC

L=3ab!
A[TeV] @95% OF ok o o4
LEP 32 2.2 25 0.98
(452421) | (3.02119) | (392119) | (161.212)
(4726,23) | (3.82624) | (402220) | (2.2,16,15)
. (2.0,1816) | (6.84.938) | (3.7,2823) | (1.6,14,123)
Zh(uvbb) [1 0.1 5] TeV (2.7,2.422) | (6.34.63.7) | (3.93025) | (221.9,1.7)
W= h(£bb) [0.5,1.0] TeV (8.4,5.9,4.6)
W= h(£bb) [1.0,1.5] TeV (7.5,5.2,3.8)
W= h(£ + £viv) [0.5,1.0] TeV 4.6
W= h(£ + £viv) [1.0,1.5] TeV 3.8

The selection efficiency € = 10% for semi-leptonic channels

The selection efficiency € = 50% for fully leptonic channels

D (ELL — 1.0&&ETT — 0, €1, — O.5&&ETT — 0.05, €1, — O.5&&€TT — 0.1)
] reducible background is (0, 3,10) times irreducible background



Summary about the Bounds at the LEP and
the HL-LHC L=3ab’

A[TeV] Osw | Orww | Orws Oru O'S{?;
LEP 0.4
WV +jets) | 1.2 | 090 | 0.90 | (1.1,0.87,0.83)
W=h(£bb) '
W*h(£ + tviv) 0.74
ZZ(40) 14 | 0.71
Z7(2027) 1.6 | 0.76
WEy(€ + ) 1.3 1.4
Zy(€l + ) 1.5 1.1
Zvy(vv +7) 1.4 1.0
Yy 2.0 1.6

D (GLL — 1.0&&6TT — 0, €1, — O.5&&ETT — 0.05, €1, — O.5&&€TT — 0.1)
] reducible background is (0, 3,10) times irreducible background



Conclusion

— New physics may only show its tail at the LHC, it 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. Difficult. But a lot data
can make a significant difference here!



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



SM di-boson rates

Wz WWw Wh Zh
Polarizations || 8 TeV | 13 TeV || 8 TeV | 13 TeV || 8 TeV | 13 TeV || 8 TeV | 13 TeV
OLL 0.7 pb | 1.5 pb || 2.0pb | 3.7pb | 0.28 pb | 0.58 pb || 0.12 pb | 0.29 pb
OLTTL 2.3 pb | 4.4 pb 7.5 pb | 12.6 pb || 0.25 pb | 0.50 pb || 0.14 pb | 0.28 pb
orT 9.3 pb | 18.2 pb || 24.4 pb | 47.0 pb — — — —
27 Wy Zy Yy
Polarizations || 8 TeV | 13 TeV || 8 TeV | 13 TeV || 8 TeV | 13 TeV || 8 TeV | 13 TeV
OLL 0.28 pb 0.52 pb - - - - - -
OLTATL 1.1pb | 20pb || 99pb | 15.6 pb || 11.5 pb | 17.6 pb -
orT 3.2pb | 6.3pb || 47.8 pb | 79.5 pb || 32.8 pb | 52.9 pb || 117 pb | 160 pb

From MadGraph LO




