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hhvs uu

...not possible to provide a comprehensive overview in 20+x mins

— dedicated session on Wednesday

Here & now:

)

highlight conceptual difference
isolate common themes

a qualitative overview of arising opportunities given HL-LHC

all of this from a theoretical/phenomenological perspective

r ...no disclaimers on unknown performance differences...
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» expand reach to coloured exotics (SUSY...) » 2nd generation specific new physics

» multi-Higgs in WBF and GF . » a Weollider!

» WBF + multi-boson in many channels * fine-grained picture of EW// sector

v unitarisation, / oft=shellness, ...

» challenging environment: QCD/pile-up... e
y : e — Marek s talk
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» naturalness = compositeness/SUSY = top partners + exotics
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» naturalness = compositeness/SUSY = top partners + exotics
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coloured exotica vs lepton-specific

» naturalness = compositeness/SUSY = top partners + exotics
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» naturalness = compositeness/SUSY = top partners + exotics

llllllllllllllllllllllllllllllllllllllllllll

R DL : = :‘........‘-‘E UV ﬂavour

down-type sector

llllllllllllllllllll

structures

* >
----------------------------------------

i entlcal leading IR physics ~ Oqq
” [de Blas etal., 1711.10391]

10~2 ‘ =
--------- Expected 95% CL - Expected 95% CL x . -~~‘\\
+1o s.d. e} +1o s.d. 4 Loop Mixing
+20 s.d. = +20 s.d. Bt — ¢nt
_3 /N
— ®) (yy = 0.5) % 10 — @) (g = 05) S
............ (3 _ X 3 _ =
------- P (Y, = 0.5) — D3 (yd 0.5) P
........... = =3
................. SN
................... T o El
.................... \% —
............... S L-_2 LHC bounds
"""" 1 HL-LHC projections
107° - ol
4 5) 6 7 8 20 25 30 35 40 205 OO 0.5
My [TeV] Mj [TeV] Ro(y(6),©)*
e(ysb Ysa )

collider+flavour

WBF pair production at puu 1s U(1)y gauge suppressed

puu has no competitive discovery potential
6



coloured exotica vs lepton-specilfic

can turn this argument around... S

Y _Universal Z . 20 numbers anticipate
unitication:
Zfrom GUIs

M [TeV]
[Snowmass, 2209.13128]



coloured exotica vs lepton-specilfic

can turn this argument around... S

Y _Universal Z . 20 numbers anticipate
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complementarity vs overlap
» we are comparing two highly different concepts

trivial to make one look better than the other

visible in EET
performance patterns

easy to accommodate SM-like HL-.HC outcome

» areas ol synergy with electroweak motivation?

— 1alks tomorrow

BSM

(mult-)boson, WBF, (multi-)Higgs....
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gauge-Higgs interactions

theoretical
value

pp @ 100 TeV uu @ 10 TeV

» How does the mechanism providing masses to the W/Z bosons look like?
[Alonso etal., 1602.00706, 1605.03602, 2109.13290]

SM (..2HDMs)

asm, bsm = 1,csm =0
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gauge-Higgs interactions

aASsM — 17bSM — 17681\/[ =0

------- H \ %bgﬂy
pp @ 100 TeV

| i3g2
------- Ho =g,
uu @ 10 TeV

reshaping the ELW PS in the early universe in addition to Higgs-Higgs interactions

first order PT
for BAU

el
...
-~

~

T>>T, T,

\‘\1

[

electroweak
scale

ih
{
5
|
&

1

!

Higgs mass

Higgs self couplings



value

cross section [pb]

10}

vvvvvvvvvvvvvvvvvvv

- pp— HHHjj, 100 TeV

- pr=pr€[0.5,2] Q

a=b=kKky3=Ky4=1

[Anisha et al. 2407.20706]

gauge-Higgs interactions

aASsM — 17bSM — 17081\/[ =0

%bgﬂy """" H izizcgﬂy
pp @ 100 TeV uu @ 10 TeV

» Stability under QCD corrections of //HH/HHH
WBF is a clear window into (strong) ELW effects

11



value

cross section [pb]

10}

vvvvvvvvvvvvvvvvvvv

- pp— HHHjj, 100 TeV

- pr=pr€[0.5,2] Q

a=b=kKky3=Ky4=1

[Anisha et al. 2407.20706]

gauge-Higgs interactions

aASsM — 17bSM — 17081\/[ =0

%bgﬂy """" H izizcgﬂy
pp @ 100 TeV uu @ 10 TeV

» Stability under QCD corrections of //HH/HHH
WBF is a clear window into (strong) ELW effects

» H easy, HH doable, HHH &

11



theoretical
value

cross section [pb]

10}

vvvvvvvvvvvvvvvvvvv

- pp— HHHjj, 100 TeV

- pr=pr€[0.5,2] Q

a=b=kKky3=Ky4=1

[Anisha et al. 2407.20706]

gauge-Higgs interactions

aASsM — 17bSM — lacSM =0

%bgﬂy """" H izizcgﬂy
pp @ 100 TeV uu @ 10 TeV

» Stability under QCD corrections of //HH/HHH
WBF is a clear window into (strong) ELW effects
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» context with fixed order perturbation theory

c=0.1 — 85% events in the non-perturbative regime
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WBF WWijj @ FCC Parameter | +/s | Luminosity | pileup S50 95% CL

e side ol 1309 7452] eyl s [N ] [ley |
fr1/A° 14 300 50 o 2 (0.4) 002
2)

(
fr/A* 14 3000 140 S 0.06 (0.1)
fri/A* 14 3000 0 1 (0.2) 0.06 (0.1)
(
(
(

fr1/A* 100 1000 40 0001 0.001) | 0.0004 (0.0004)
fr/A* 100 3000 263 | 0.001 (0.001) | 0.0008 (0.0008)
fri/A* 100 3000 0 | 0.001 (0.001) | 0.0008 (0.0008)

153



weak mteractions

» many different channels at hadron machines

v Drell-Yan/WBF scan a wide range of energies at FCC-hh

v pair/triple gauge boson production + EFT + anomalous couplings

[LHC dim 6 context [Celada et al. 2407.09600]

WBF WWijj @ FCC Parameter | +/s | Luminosity | pileup 5o 95% CL
[Degrande et al. 1309.7459) fleVlEE ] [TeV ] [TeV 7]
fr/A* 14 300 50 o 2 (0.4) 002
fri/A? 14 3000 140 (02 0.06 (0.1)
fri/A? 14 3000 0 1(0.2) 0.06 (0.1)
fri/A* 100 1000 40 | 0. 001 (0.001) | 0.0004 (0.0004)
fri/A* 100 3000 263 | 0.001 (0.001) | 0.0008 (0.0008)
fri/A* 100 3000 0 0.001 (0.001) | 0.0008 (0.0008)
Coy—4 No form factor =il N En—2
- lower limit upper limit lower limit upper limit WWW
Lap 456 x 1010 ARRd10 9 FEBI0s 10 233010 @ FCC
j%%i —9.46 X 10_12 9.85 x 10_12 —4.00 x 10_191 5.26 X 10_191 Wen etal. 1407.4992]
e |28l o) 2210 < 10 = oo ) 6.00 x 10 13




weak interactions

v Drell-Yan/WBF scan a wide range of energies t FCC-hh

v pair/triple gauge boson production + EFT + anomalous couplings
[LHC dim 6 context [Celada et al. 2407.09600]

WBF WWjj @ FCC Parameter | /s | Luminosity | pileup 50 95% CL
Deemindsct 4 1309 7452] pEsl o e [y
fri/A* 14 300 50 0.2 (0.4) 0.1 (0.2)
fri/A? 14 3000 140 0.1 (0.2) 0.06 (0.1)
o Ll 00 Ul 002 0.06 (0.1) ...
> fri X 100 1000 40 | 0.001 (0.001) | 0.0004 (0.0004) "
vzt 00 3000 1,263 | 0.001 (0.001) | 0.0008 (0.0008) .
fri/A* 100 3000 0 | 0.001 (0.001) | 0.0008 (0.0008)
Coy—4 No form factor =il N En—2
lower limit upper limit lower limit upper limit WWW
Iso | —4.56 x 10710 458 x 10710 | —3.08 x 10™°  3.39 x 107° @ FCC
L i) G Y B e
IZg | —280x 10712 270 x 1072 | —7.60 x 10~'* 6.00 x 10~ -
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weak interactions *  sampling processes’ energy -
i depende‘nc“e across afew
» many different channels at hadron machines , =y

v Drell-Yan/WBF scan a wide range of energies at FCC-hh

v pair/triple gauge boson production + EFT + anomalous couplings
[LHC dim 6 context [Celada et al. 2407.09600]

WBF WWjj @ FCC Parameter | /s | Luminosity | pileup 50 95% CL
Deemindsct 4 1309 7452] pEsl o e [y
fri/A* 14 300 50 0.2 (0.4) 0.1 (0.2)
fri/A? 14 3000 140 0.1 (0.2) 0.06 (0.1)
e lao i 00 Ul 0.1(0:2) 1. 0.06 (0.1) ...
i 100 1000 40 | 0.001 (0.001) | 0.0004 (0.0004) *
Sl G 3000 .....263,1.0.001 (0.001) | 0.0008 (0.0008)
T T 3000 0 | 0.001 (0.001) | 0.0008 (0.0008)
Coy—4 No form factor =il N En—2
v lower, limit, ... upReL limit, .. Jower Limit ., upper, limit, WWW
Tl ARG l0 Y ABE 10T e s e nae s g @ FCC
) G B Y R i s Y e e e
I | —280x 10712 2.70 x 10712 | —7.60 x 10711 6.00 x 1071 ; .
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weak interacti()ns 10r [Garosi ctal. 2303.16964] |

- 0400‘\\\\:;;;gf-~‘_‘_________‘ UL
» uu@10 TeV efficiently collides Ws above

the weak threshold .

107 500 1000 5000 1o
V3 [GeV]
WBF @ uu
WWuvv Vs =6 TeV Vs =10 TeV
Limit Unitarity Limit Unitarity
GEcN ) Bound (TeV) (e Bound (TeV)
D fso/A*| [-0.19,0.18] 3.8,4.4 (—0.034, 0.033] 5.8,6.8]
L e 4.5,4.3) (—0.019,0.019] 6.8, 6.6]
~J,0/AL|[-0.0049,0.0025]  [6:2,6.3] |[-0.00070,0.00051] [10.0,9.3]
I fr1/A*|[-0.0017,0.0014] [7.7,8.1] |[—0.00089,0.00053] [9.0,10.3] | :
fro/A%| [-0.011,0.0046]  [6.6,7.0] | [~0.0015,0.00082] [10.8,10.7]

[Abbott et al. 2203.08135]
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weak interactions 0, [Garosi etal. 2303.16964] |
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weak interactions

» uu@107TeV efficiently collides Ws above

the weak threshold

[Celadaetal. 2312.13082]
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sensitivity from (rare)
processes @10 IeV.
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»  uu@10 TeV provides high sensitivity at high energy

¥ unitarity 1s woven into any analysis

r “oreat measurement under the following assumptions™

i » probed high above threshold

10

tt — Z 7 full

tt — Z7Z Gauge _
tt — ZZ Yukawa ------ 5
CMS exclusion _

these could

; 0.1k
deviate ~% from SM at f

HI-LHC Sy
0.01 F+

» constraints that violate unitarity T2 3 4 5 6 7 s
: : : Vs [TeV]
have no meaning in a perturbative

: : [CE, Spannowsky 1405.0285]
analysis chain
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Summary
» FCC-hhand pu@10TeV: formidable avenues for BSM exploration
» each concept has its unique strengths and weaknesses
» physics case is equally compelling and synergetically strong

G T~ HH@I0 TeV

- EW ] BSM

; 5 o
¥ y 2
ks ks 23 23

NG . g B

realistic BSM contains both

» every ime we increase pCM 10-fold....

...we learn something entirely new!
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