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* \What probes are available at HL-LHC
e \Vhat probes are available ate e

* Simplest off-pole observables

®* Going beyond ...



HL-LHC capabilities
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Ascribing the possible BSM effects onto EW quantities (low
energy couplings, e.g. ZWW ) to new contact interactions
from heavy new physics the LHC can probe these contact
interactions instead of the low enerqgy couplings directly.

E
V /

Vv

oerivatives

5
stuadies of EVV properties.

In the age of EF-1s this is as good as doing LEP-like INTENSITY
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The great advantage of the LHC is that it can reach VERY HIGH
PARTONIC ENERGIES, especially it one has the time to “fish” the rare

events in which constituent quarks collide with large fraction of
the proton energy. This is where High-Lumi is crucial(!)
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However, | have been asked to discuss “Off Pole observables” ... =& LATER TALKS



ee” capabilities at \/; > m,

Nn-boay final states




ee” capabilities at \/; > m,

2-boady final states 3*-body final states

O XX — 6262_[9061’)?.2#72_(°")



e*e™ capabilities at \/s > m,

2-body final states Luminosity available at any HTE option falls very fast as \/E grows,
= ; | ' C]
Ko :
g 102 - —s=— CLIC —
3 —— ILC
o i === |LC LumiUP i
A - FCC-ee (2 IPs) -
— 10 u —— CEPC (2 IPs) _
0 1000 2000 3000
/s [GeV]
1 These processes are sensitive to EW quantities (couplings,
~ masses, ...) but the measurements are limited by the available

statistics



Higgs couplings
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ee” capabilities at \/; > m,

1907.0431 1
Future Circular Colliders Future Linear Colliders
HL-LHC CEPC FCC-ee ILC [P1 = (F80%,+30%)] [UP = unpolarized] CLIC
240 GeV 240 GeV +365 GeV 250 GeV +350 GeV +500 GeV 380 GeV +1.5TeV +3 TeV
S2 Z=pate ' Z-pole || Zspale ' Z-pole | Zspale ' Z-pole P1 UP P1 UP P1 UP (F80%,0%)

Sg1. (%) | 2.96* || 052" 038 || 053" 039 | 026* 024 || 0.50% | 0.63% | 0.41% | 0.52% |\ 0.14 | 0.20% |} 0.42% | 0.14% | 0.13%
1.46 0.34 0.36 0.22 0.33 0.50 0.28 0.44 0.11 0.17 0.27 0.03 0.01

Sio (o) | 993 || L57F 072 || 158° | 064° | 1.09% - 043% || 153° | 173% | 1.39% | 158% | 058° | 075 || L.29% | 047 | 0.32%
9.49 0.50 0.53 0.36 0.51 0.77 0.44 0.68 0.13 0.23 0.39 0.07 0.02
Mgz (%) 3.99 0.34 0.33 0.35 0.34 0.24 0.24 0.46 0.51 0.39 0.45 0.13 0.14 0.39 0.05 0.02
3.86 0.33 0.34 0.23 0.45 0.50 0.38 0.43 0.13 0.14 0.38 0.05 0.02

B HL-LHC S2 + LEP/SLD

l CEPC Z/WW/240GeV

Bl FCC-ee Z/WW/240GeV

Bl FCC-ee Z/WW/240GeV/365GeV

H ILC 250GeV i 4@Vier\Y,

l ILC 250GeV/350GeV
B ILC 250GeV/350GeV/500GeV

P(e”,e*)=(70.8,+0.3)

B CLIC 380GeV/1.5TeV
B CLIC 380GeV/1.5TeV/3TeV
P(e”,e*)=(70.8, 0)

Y perfect EW

light sﬁéde: CEPC/FCC-ee without Z-pole
X CEPC/FCC-ee without WW threshold

U perfect EW&TGC

lepton colliders are combined with HL-LHC & LEP/SLD
imposed U(2) in 1&2 gen quarks
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107 measurements for the extraction of
alGCs
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Q
o q "Free” /-bosons from radiative
VR return can help

107°
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10 s Shadled bars indlicate

2 Nno /-pole

15 Yellow marks indicate radiative |

1 return £ boson studies -



Higgs couplings

ee” capabilities at \/; > m,

10 s Shaded bars indicate

1907.0431 |
Future Circular Colliders Future Linear Colliders
HL-LHC CEPC FCC-ee ILC [Pl = (F80%,+30%)] [UP = unpolarized] CLIC
240 GeV 240 GeV +365 GeV 250 GeV +350 GeV +500 GeV 380GeV | +1.5TeV | +3TeV
S2 Z=pate ' Z-pole || Zspale ' Z-pole | Zspale ' Z-pole P1 UP P1 UP P1 UP (F80%,0%)
g1 2% | 2.96% || 0:5,2,%,,5,,,913,8,,,, ,,,,Qt,5,3,,*,,,i ,,,,, 0.39 | 9125%,,,5,,,,912,4 ,,,,,,, 0.50% | 0.63" | 0.41% | 0.52% | 0.14 | 0.20% || 0.42% | 0.14* | 0.13%
BN 1.46 0.34 0.36 0.22 0.33 0.50 0.28 0.44 0.11 0.17 0.27 0.03 0.01
Sk (%) | 9.93 | 1:57,’5,,5,,,,0:7,2,%, ,,,,,, 1:,5,8?",,,5,,,,9-,54%,,, ,,,,1,-,09%,,,5,,,,0,-,43,% ,,,,,, 1.53% | 1.73% | 1.39% | 1.58" | 0.58" | 0.75% || 1.29% | 0.47% | 0.32%
v 9.49 0.50 0.53 0.36 0.51 0.77 0.44 0.68 0.13 0.23 0.39 0.07 0.02
Ay (%) 3.99 0.34  0.33 0.35  0.34 024 © 0.24 0.46 0.51 0.39 0.45 0.13 0.14 0.39 0.05 0.02
2 3.86 0.33 0.34 0.23 0.45 0.50 0.38 0.43 0.13 0.14 0.38 0.05 0.02
1 __. HL-LHC S2 + LEP/SLD H ILC 250GeV ¥ 4@rLe-\VAN [l CLIC 380GeV yAG@ELIEr:Y l;ight shade: CEPC/FCC-ee without Z—pole |
= |l CEPC Z/WW/240GeV B IL.C 250GeV/350GeV B CLIC 380GeV/1.5TeV 7 oot B Rt ey
B . FCC-ee Z/IWW/240GeV . ILC 250GeV/350GeV/500GeV . CLIC 380GeV/1.5TeV/3TeV Ieptoﬁ colliders are combined with HL-LHC & LEP/SLD ]
_ [l FCC-ee Z/WW/240GeV/365GeV P(e”,e")=(¥0.8,£0.3) P(e”,e")=(¥0.8, 0) imposed U(2) in 1&2 gen quarks |
1072 :
1073 —
107 S5 ZZ S5 WWwW S5 144 Zy 5 g9 S5 tt Volo s S5 bb oagtt S5 HU O OK A
B 9H 94 9H O0gy, 9H 9y 9H 9 9H 9H 91,z % z
20 . . - =i N ! " ~ _
10| Ratios, real EW / perfect EW
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Focus on 2-body processes



e fiducial (total) rates

® Oifferential distributions.

*angles

* fancy kinematical variables (not much room for “fancy’ as

1909.01937,
1708.07823,
1704.02333,
1512.068717,

1406.1361

servables and Interpretation

Hq —1H O'GFHC]LO' vYHaqr,
He — ZHTJGFHELJ YHer,

phase-space dimensionality is limited)

HEAVY BSM
EFFECTS
GROW WITH
ENERGY

Ow = 4 (H'o" D, H)D" W,

08) = Quo*"Qu) (il'o" D, H)

hep-ph/0602154

0" B, +iL (hTDh D,hh) + ¢ > Yifvf = 0,
f

DFW, +z‘§(ma D,h — D,hTo"h) + 52]3%0 fi =0,
f

240y, — %OWB +g'0); = 2iB,, D"hD*h — g'hth D*hiD,h

+%h*h(B,w)2 - %h*h (' D*h + (D*h1)h)

—9'Ows + g(O}, + O},,) = 4iW;,D*hia*D"h — 6ghth D*h'D,h

+ghTh(We)? — ghth (T D?*h 4+ (D*h1)R) |
17

Owp = (hlo®h)WS,B*, Oy = |hiD,hf,

03, = i(h'D*h)(1y,l) + hc., O, =i(h'o*D*h)(ly,0%) + h.c.,
Oj, = i(h' D"h)(gy,q) + hec., O}, = i(h'e®D*h)(gy.0%)) + h.c.,
Oy = i(RT D*R) (@y,u) + h.c., Opg = i(hI D*h)(dy,d) + h.c.,

Oh. = i(hT D*h)(ey,e) + h.c. .

HEAVY BSM
EFFECTS
GROW WITH
ENERGY
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Going bey



eTe” capabilities at /s > m,

4*-body final states, sometimes described as ‘effective” 2—2 processes n-boady final states with energy-enhanced effects

1812.09299
1902.05556, 2009.11293, 2203.09512

Simply put: energy is not enough at the HTE factory to be in this regime.
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Ascribing the possible BSM effects onto EW quantities (low
energy couplings, e.g. ZWW ) to new contact interactions
from heavy new physics the LHC can probe these contact
interactions instead of the low enerqgy couplings directly.
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stuadies of EVV properties.

In the age of EF-1s this is as good as doing LEP-like INTENSITY
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The great advantage of the LHC is that it can reach VERY HIGH
PARTONIC ENERGIES, especially it one has the time to “fish” the rare

events in which constituent quarks collide with large fraction of
the proton energy. This is where High-Lumi is crucial(!)



Beyond HL-LHC capabilities at pp
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Conclusions

® Full program HTE factory can bring very good progress on the EW properties
e Z-pole has still a key role if \/E < 500 GeV

e Processes are simple 2 — 2 (Zh, WW final states)
e Higher energies in principle can do without much improvement from Z-pole
* High partonic energy makes pp colliders are competitive (challenge of low
systematics, high-luminosity needed)
e \ery similar arguments can be used for 2 — 2 (ff final states)
* Same types of observables:
* fiducial rates, simple distributions usually capture the BSM effects



Thank You!



Beyond 500 GeV capabilities at £#7¢~
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