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We need something Beyond the Standard Model

Dark matter Dark energy
Baryon asymmetry

EWSB mechanism
Neutrino masses Quantum gravity

And many more

We haven’t even measured all the SM yet!

Resonance (particle) searches
How to look for BSI\/I/

\ Precision measurements
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A trick of the tall

Precision with hadron colliders? Yes!
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Diboson processes offer a window
Into EW and Higgs dynamics.
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Diboson in the present

— ATLAS, Eur. Phys. J. C 81 (2021) 2, 178, ArXiv: 2007.02873

ATLAS, Phys. Lett. B 816 (2021) 136204, ArXiv: 2008.02508
(W/Z)h @ LHC -

CMS, JHEPO7 (2021) 027, ArXiv: 2103.06956
And more!

What will change in the future?
(HL-)L HC i FCC-hh

® ECC: Future Circular Collider
® FCC-ee + FCC-hh: like LEP+LHC

C.0.M. energy 14 TeV 100 TeV

Int. Luminosity 3 ab? 30 ab-!
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FCC-hh: The LHC of the future

2021-2025 W= Feasibility study

2030-2045 == Construction

2045-2060 === ECC-ee operation

—LHC
—FCC
—— CLIC
1 limestone

molasse
subalpine

1 molasse
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New collider, new opportunities

For p* > 550 GeV:

pp — W+ h
Higgs decay Higgs BR  nyr_ruc nNuwe—rLHC NFCC—hh
Today | bb 6-10"1 10° ava 6 \/;—b«l
61072 102 10? 10*
Future S
2.1073 10° 102 10* =gt
i 4-1074 10Y 101 102
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Why Effective Field Theories?

® The main idea behind EFTs is in all fields of Physics.

® NP at a higher scale affect the interactions seen at a lower scale.

w I

2
_ g _ —
9 qaLY"Waar —— Y qrlc vl
myy

® Operators with dimension>4 encode the NP effects in the EFT.

® Offer a more model-independent way of searching for NP.
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Standard Model EFT (SMEFT) and Interference

® Field content and gauge symmetries of the SM and linearly realized EW sym.

® Add gauge invariant operators with dimension bigger than 4.

(6) (8)
L=1C =0 '
= Lo+ 32 G0l + Yo
() ()
® Leading deviations from the SM appear at dimension 6.

o = |Msnml|® + 2Re (MgpMEBgnr) + Mpsul’
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Interference
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Leptonic diphoton Wh

arXiv 2004.06122 (JHEP 07 (2020) 075)

pp — W=h — [Fv~~y



Wh_  What New Physics can we probe?

®  Assumptions: SMEFT + Dim. 6 op. in Warsaw basis

High energy behavior
(3)
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Wh.

Interference patterns

High energy behaviour

V' polarization SM Oy Opw Ouw
5 M,
A=0 : Az A2 !
N g My \/g My \/g My \/g My
\/g A2 A2 A2
V=W, 2z 0,1 = 0%, 0. 0,.. 0,

Differential in py

Interference between same polarisation
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Wh. Interference patterns

Measuring angles resurrects interference




Wh. Interference patterns

Perfect v reconstruction Differential in p? and ¢W
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Wh. Interference patterns

With v reconstruction ambiguity Differential in pl; and ¢W
2.0 1 | I
- Vi=A=1TeV . § .
% . O_Z?’Lt |~ v reconstruction
: (3 (pw — 7 — dw)
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Wh. 95% C.L. on cfp?

FCC-hh 100 TeV 30ab™" (cow = ¢ g = 0)
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Wh. 95% C.L. on the bosonic operators

FCC-hh 100 TeV 30ab™* FCC-hh 100 TeV 30ab™ !, 5% Syst.
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Diphoton Zh

arXiv 2011.13941 (JHEP 04 (2021) 154)

pp — Zh — 1717 (Vi) vy
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7h  What New Physics can we probe?

®  Assumptions: SMEFT + Dim. 6 op. in Warsaw basis + Flav. Univ.

High-energy behaviour

(3)
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Zh. Interference patterns

<103 400 < Pr.n < 600 GeV
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Y Ay X 55,0 — Ty
bﬁ 3 F s :.\\\ Niz 3 o T O( ) W
8 2 = \t Npop—=4 cmee =
. "~ N\ e . Cancellatlon of up and
= 1F NN Np=5 . . .
5 ) down contributions
s d
3 O_znt X gzu( )
= .| O R
| 3 c1) =001, A =1 TeV s pu(d) by SM 1
e uppression couplin
O 05 1 15 2 25 3 35 4 4.5 pp y p g
Yzn

Differential in py and rapidity
Min{p, pZ} € {200, 400, 600,800, 1000, 00} GeV  |yzn| € [0,2), [2, 6]

(Slightly different rapidity binning for Z — vv)
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Vh. Best possible bounds for cfp?

FCC-hh 100 TeV 30ab~', 1-op. fit, (Zh + Wh)
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Vh.

The power of combining

¢ 95% CL bounds
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Vh. Sizeable impact on aTGC bounds

FCC-hh 100 TeV 30ab~ ', 95% C.L., 5% Syst.
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Clear complementarity with future lepton colliders
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Vh. Comparing our bounds with other colliders
FOChh 100TeV 30ab™, A=1TeV_
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Let them be quarks, Higgs

pp — Vh — L(v ()bb



Vh. Combining regimes

Boosted (Not the same as ATLAS- Resolved
CONF-2021-0511) -‘

Scale-Invariant
tagging

Gouzevitch et al, 1303.6636
Bishara et al, 1611.03860

ATLAS, 2008.02508 ATLAS, 2007.02873
DOI: 10.1016/].physletb.2021.136204 28th April 2021 WI t h u S e O f DO 10.1140/8pje/610052-020.08677-2 ath March 2021
Measurement of the associated production of a M ass _d ro p tag g I n g

. . . Measurements of WH and Z H production in the
Higgs boson decaying into b-quarks with a vector h | H— bb decay channel in pp collisions at 13 TeV
boson at high transverse momentum in p p Butterworth et al, 0802.2470

ith the ATLAS detect
collisions at /s = 13 TeV with the ATLAS detector w ¢ elector

The ATLAS Collaboration
The ATLAS Collaboration

Adding Resolved category: 10-17% improvement at LHC.
+Projections for FCC-hh based on CDR
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Vh Direct comparison LHC vs FCC-hh

Vh( - bb) @LHC ~ Vh(- bb) @FCC-hh (100 TeV, 30/ab)

-- Vh(-bb) @LHC Run 3 |- 1%Syst.  — WZ @HL-LHC [1712.01310]
— Vh(- bb) @HL-LHC 107" — 5% Syst. Vh(- yy) @FCC-hh

| 10% Syst. - wz @FCC-hh [1712.01310]

L L
E --------------------- E 10—2
— WZ @HL-LHC [171201310]
Ww + WZ @LHC Run 1 [1609.06312]
1073 —— ————————— , 1073
10° 101
M[TeV] M[TeV]
LHC Run 8 =———=— HL-LHC =——————> FCC-hh
LHC Run 3 is limited by statistics (h »)yy =~ bb @FCC-hh
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Vh. Rapidity binning effects.

Vh( - bb) @FCC-hh (100TeV, 30/ab)

0.03
—— Two rapidity bins
0.02 A —— No rapidity bins
= 0.01
>
L 0.00-
SIS
O —0.01-
—0.02 1 -==- Profiling over cy,, 4 }
—— Setting Cyy, ¢ =0
—0.03 - . :
—0.010 —0.005 0.000 0.005 0.010

(3) )
Coq [TeV—4]

Significant impact on Ofpl; due to the lift of the cancellation.
25.
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Conclusions

°w, Z) h is an interesting diboson channel that probes several operators.

® Asimple pr binning yields competitive sensitivity to 05,;7’3.

® h - bb allows to perform these studies at (HL-)LHC, but with limitations.

® h - yy will become available at FCC-hh, opening new possibilities.

In Wh, abinning in ¢y, gives an observable linear in Oq)W-
In Zh, a binning In rapidity improves the sensitivity to 083.

At FCC-hh, h - yy and h — bb achieve similar results in different ways.

Wh and Zh with are not exploration channels, but important to probe
different directions.

26.
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Thank you for your attention

Contact

Alejo N. Rossia
MANCH%S;‘ER HEP Theory Group — Dept. Of Physics and Astronomy

The University of Manchester E-mail: alejo dot rossia at manchester dot ac dot uk
www.manchester.ac.uk http://www.hep.man.ac.uk/



http://www.hep.man.ac.uk/

Appendix

For even more details, read our papers or contact us.
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Wh. Simulation details

Montecarlo generation: Madgraph5 aMC@NLO v.2.6.5; showering: Pythia 8.2; detector simulation:

Delphes v.3.4.1 with FCC-hh card.
Signal and Wyy simulated at FO, the rest simulated at LO. QED k-factor for the signal.

Parton level generation cuts:

Wh Wy Wiy and Wjj
P min [GeV] 30 (all samples)
p}’ﬁnin (GeV] 50 (all samples)
Bt min [GeV] 100 (all samples)
|7T1?r’1€Lx 6.1 (all samples)
AR - 0.01 0.01
AR —~ 2.5 2
mYV13i [GeV] - (50,300] [50,250]
p%ﬁn [GeV] {150,350,550,750}  {100,300,500,700} -
PF min [GeV] - - {100,300,500,700}

MRS | Diboson precision measurements with the Higgs at LHC and FCC-hh | Alejo N. Rossia, 16 November 2022
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Wh.

Selection cuts and cutflow in the third p? bin:

Analysis detalls

Selection cuts

P min [GeV] 30
p})min (GeV] 50
Bt min [GeV] 100
Mo~ [GeV] [120, 130]
AR {1.3,0.9,0.75,0.6,0.6}

P ax [GeV]

{300, 500, 700, 900, 900}

MANCHESTER
1824

Selection cuts / efficiency Q(L?iw %) gj(.i) 53('?)

> 10F with pp > 30 GeV 0.86 0.46 0.94 0.94
> 2~ each with pr > 50 GeV 0.50 0.18 5.7-1073 | 8.7-1077
Er > 100GeV 0.49 0.16 5.1-1073 | 8.5-1077
120 GeV < m < 130 GeV 0.46 6-107% | 2-107* | 8.2-107°
AR < ARpax 0.45 4-107% | 3.1-107° | 6.4-1078
pr < pila, 0.41 7-107* | 1.1-107° | 4.7-107°

A3
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Wh. How big is the background?

Events per bin for the relevant processes

FCC hh 100 Tev 30ab 1

1000 -

1..||‘| | |‘ |

Number of Events

m Wy
m Wy
m Wiy
m Signal

200, 400) 1400, 600) 60() 800) 1800, 1000) 1000 0)

P [GeV]
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Wh.

¢ 95% CL bounds

0.25!

—0.15!
—0.2¢
—0.25!

—O 024 —0. 018 —0. 012 —0. 006

The University of Manchester

FCC- hh 100 TeV 30ab™?

I

5 % Syst.

I

—— 10 % Syst.

— Profiling over ¢,

- Settingc w =0

More results

—0.25!

FCC- hh 100 TeV 30ab™?

I

I

— 5 % Syst.

— 10 % Syst. -

—— Profiling over c,w _

0024 —0.018 —0.012 —0.006 0 0.006
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Wh.

95% CL bounds summary

More results

Coefficient Profiled Fit One Operator Fit
—5.1, 3.4] x 1072 1% syst. —2.7,2.5] x 1072 1% syst.
) —11.6, 3.8] x 1073 5% syst. 3.3, 2.9] x 1073 5% syst.
—20.6, 4.1] x 1073 10% syst. —4.0, 3.5] x 1073 10% syst.
7.1, 7.9] x 1072 1% syst. —5.3,4.3] x 1072 1% syst.
Cow —13.0, 17.5] x 1072 5% syst. —12.1, 6.8] x 1072 5% syst.
—20.0, 25.2] x 1072 10% syst. —18.8, 9.0l x 1072 10% syst.
—6.4, 6.4] x 1072 1% syst. —6.1, 6.1] x 1072 1% syst.
Coiv —9.0, 8.8] x 1072 5% syst. —8.1, 8.1] x 1072 5% syst.
—13.5, 14.2] x 1072 10% syst. —10.1, 10.1] x 1072 10% syst.
A6
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Nn. Simulation details

Montecarlo generation: Madgraph5 aMC@NLO v.2.7.3; showering: Pythia 8.2; detector simulation:
Delphes v.3.4.1 with FCC-hh card. SMEFT@NLO UFO (http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO)

Signal simulated at LO and corrected to (QCD+QED) NLO with k-factors. Gluon initiated processes
simulated at LO. The rest simulated at QCD NLO.

Parton level generation cuts:

Cut Channel
7 — v Z — 1Tl
p%,min |GeV] 30
p}’,min |GeV] 50
ngjmin 0 30 (only for LO samples)
[ Mmaa 6.11
1imaz 0 6.1
AR 0.01
AR™ 0.25 (0.01 for LO samples)
py {0, 200, 400, 600, 800, 1200, oo}

A7
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ZNn. Analysis details

Selection cuts and binning: Selection cuts
> =71
- Z’ mALAN I Z = - [ Z} P i [GeV] a0
Bins of |y"| Bins of min{p’,p7} | Bins of |y*"] y
: Proin [GEV] 50
0, 9). [2. 6 200, 400) v
0, 2), [2, 100, 600) M- [GeV] [120, 130]
[0, 1.5), [1.5, 6] 600, S00) [0, 2), [2, 6] my+- |GeV] [31,101]
: (800, 1000) AR} {1.3,0.9,0.75,0.6,0.6}
0, 1), [1, 6] :
1000, oo) ARV {1.2,0.8,0.6,0.5, 0.4}
P7h o 1GeV] | {200,600, 1100, 1500, 1900}

K-factors for signal in 1+QCD+QED format

PTmin DN [GeV] Zh — Clyry Zh — vvyy Wh — vlyy
0 — 200 14059 —-007=152]14+0.26—-0.06=1.20|14+0.17—-0.04 = 1.13
200 — 400 1+052—-009=143|14+031—-0.09=1.22|1+0.28—0.09=1.19
400 - 600 14+064—-0.14=150|14037—-0.14=123|1+0.28—-0.17=1.11
600 — 800 1+069—-0.18=1561]14+040—-0.18=1.22[(1+0.35—-0.24=1.11
800 — 1000 1+070—-024=1.46 |1+040—-024=1.16 |1+ 0.39 —0.32 = 1.07
1000 — oo 14+069—-032=137]14+040—-0.32=1.08|1+4 0.36 — 0.40 = 0.96
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ZNn. Analysis details

Cutflows
Cuts / Efficiency qq —~ Zh | Wh WA~y Zyny gg —~ Zh
0 /* in acc. region 1 0.30 0.44 1 0.97
> 2~ in acc. region 0.60 0.19 0.30 0.72 0.60
Mo~ € [120, 130] GeV | 0.58 0.17 | 7.7x107% | 1.3x1072 |  0.59
PTmin > 400 GeV 0.42 | 0.061 | 6.9x107|29x107 | 0.37
p < pfh 040 | 0.057 | 1.1x10™* | 2.8x107% |  0.33
Cuts / Efficiency qq > Zh > 00~y | Zyy > 00~y | g9 = Zh — 070~y
2 (* in acc. region 0.85 0.74 0.75
> 27 in acc. region 0.51 0.54 0.46
M- € [120, 130] GeV 0.50 9.4 x 1073 0.45
my+- € [81,101] GeV 0.47 8.8x 1072 0.42
PTmin > 400 GeV 0.35 2.2 x 1073 0.26
pZh <pZh . 0.33 2.1x1073 0.23
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Zh. Signal and background

® Whis part of the signal because it is affected by 0, .
FCC-hh 100TeV 30ab™t, Z — v
0t

w9~ Zh—vvyy mWh(—=vy) mvvyy

99 — Zh — viryy Wy

—_
-]
-
-

100- _f

10

Number of Events

—_
-
L

11200, 400] | [400, 600] | [600, 800] [[800, 1000][1000, 00)]
Min{py, E7"*°} [GeV]
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ZNn. More results

®  Events per bin for the relevant processes in the leptonic channel.

FCC hh 100 TeV SOab L Z > [Tl

1000 mag— Zh > 17 m vy o gg— Zh— oy
= 100]
= |
) i _
-
=10 f
3 | i
E—'D i
21 -
= |
Z

1071 :

1200, 400] |[400, 600] | [600, 800] [800, 1000][1000, 50|

Min{p%, p7} [GeV]

SiCHCH R | Diboson precision measurements with the Higgs at LHC and FCC-hh | Alejo N. Rossia, 16 November 2022

All.




Zh.

¢ 95% CL bounds
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95% CL bounds summary

More results

Coefficient Profiled F'it One Operator Fit
[—5.2,3.1] x 1072 1% syst. [—2.1, 2.0] x 107* 1% syst.
) [—6.7, 3.3] x 1073 5% syst. (2.6, 2.4] x 1073 5% syst.
[—8.2, 3.7 x 1072 10% syst. [—3.2, 2.8] x 1072 10% syst.
) [—2.5,2.1] x 1072 1% syst. [—1.6, 1.6] x 1072 1% syst.
(+MC/¢;) 23.0, 2.4] x 103 5% syst. 2.0, 1.9] x 1073 5% syst.
(3.7, 2.7 x 1073 10% syst. [—2.4, 2.2] x 1073 10% syst.
[~1.3, 1.4] x 1072 1% syst. [—1.1, 1.15] x 1072 1% syst.
) [—1.5, 1.5] x 1072 5% syst. 1.1, 1.2] x 1072 5% syst.
[—1.6, 1.5] x 1072 10% syst. [—1.2,1.2] x 1072 10% syst.
[—2.0, 1.6] x 1072 1% syst. [—1.9, 0.89] x 1072 1% syst.
Cou [—2.1, 1.7 x 1072 5% syst. [—2.1, 0.96] x 1072 5% syst.
[—2.2, 1.8] x 1072 10% syst. [—2.2,1.0] x 1072 10% syst.
[—2.1,2.3] x 1072 1% syst. [—1.4,2.2] x 1072 1% syst.
Cood [—2.2,2.4] x 1072 5% syst. [—1.5,2.2] x 1072 5% syst.
[—2.3,2.5] x 1072 10% syst. [—1.5,2.2] x 1072 10% syst.

| Diboson precision measurements with the Higgs at LHC and FCC-hh | Alejo N. Rossia, 16 November 2022

Al3



Vh. UV models: Spln 1 triplets

]- L/ {1 [’ r
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Preliminary results with scale-invariant b-tagging

“  95% CL bounds on aTGCs for Universal Theories.

0.015 - 0.004 -
0.010
0.002 -
0.005 -
D.DDD ] U.DD{] 7
!ﬁ} ::::h
S —0.005 - QS —0.002-
—0.010 - - 00044 —— WZ @FCC
—~0.015 - - WZ @HL-LHC i — V(h-=yy) @FCC
0.020 — V(h-bb) @HL-LHC ~0.006 - — V(h-bb) @FCC
e  — WZ+V(h-bb) @HL-LHC — WZ+ V(h-vyy) + V(h - bb) @FCC
~0.025 +— : -. . : . : ~0.008 . . ; : .
—0.002-0.001 0.000 0.001 0.002 0.003 0.004 —0.0004 -0.0002 0.0000 0.0002 0.0004
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Vh. Future experiments timeline

2021 2028 2035 2042 2049 2056 2063 2070 2077 2084 2091

LHC
e
380 GeV
CEPC
s SPPC
FCC FCC-hh
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Vh. Tagging algorithm

Final partons

Anti-k
Rmajor = 1.0 lRminOT = 0.4
> “Fatjets” “Minijets”
Recluster | C/A, Ryqjor
Output pr-leading jet
Output

MD-tagged?

’/\ Resolved

Boosted Yes No —»
event event
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Vh. (b-)Tagging algorithm

3 (b, c,j) final parton within AR < R,,i5,0 Of Minijet

» b —tag for Minijet with prob. eff(gi%FCC

Enough for Resolved events

For Boosted events

v

+1 b-tag for MDT jet per b-
tagged Minijet within AR < 0.2

: . 0 if pr <20GeV 4.5

efbeHC _ 0 if pr <20GeV or |n| > 2.5 eﬂ:}jc,c_, _ { r 1T pr < eV or |?]| > 4.5
0.8 tanh(0.003p7) % else 0.85 else

i 1T _ =

offLHC — 0 if pr <20GeV or [n| > 2.5 offFOC — 0 if pr <20GeV or n| > 4.5
0.2 tanh(O.OQpT)m else 0.05 else

: - 0 if < 20GeV or |n| > 4.5

offLHC _ 0 if pp <20GeV or |n| > 2.5 eﬁfcc _ { Pr = ul 2
’ 0.002tanh(7.3- 1075 - py) else 0.01 else
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Elect Muons
V h n Collider cerrons Hons Light Jets b-jets

Loose | Tight Loose | Tight

A LHC >7 | S27 >7 | >25 | >30(>20)
— 9
h bb pr [GeV]l pocnn > 30 > 30 > 30 >20
| LHC < 2.5 < 2.7 <4.5(<2.5) < 2.5
1 FCC-hh < 6.0 < 6.0 < 6.0 <45

Table 8: Acceptance regions for charged leptons, light non-b-tagged jets and b-tagged jets used
in our analysis for LHC, HL-LHC and FCC-hh. The acceptance regions of LHC and HL-LHC are
equal. In the case of light jets at LHC, the minimum py outside (between) the parenthesis applies
to the jets that fulfill the |n| condition outside (between) the parenthesis, see text for details. All
the values were chosen following refs. [13, 14, 38]

_ Boosted category Resolved category
Selection cuts
(HL-)LHC | FCC-hh (HL-)LHC FCC-hh
pg"._min [GGV} - 20
it Gev) : i :
Mo : 25 15
M 2.0 4.5 -
AR - 2.0
Emiss_ GeV { 50iff=e _ { 0iff=e _
Tmin [GeV] 90 if £ = p 90 if £ = p
|Ay(W~ h(:a,nd) |max 1.4 1.2 -
mhcand [Gev] [90’ 120]

Table 10: Summary of the selection cuts in the 1-lepton category for LHC and FCC-hh analyses.
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Vh.

h — bE Selection cuts Boosted category Resolved category
(HL-)LHC | FCC-hh (HL-)LHC | FCC-hh
P mnin (GeV] : 20
i (Gev _ is -
Minax - 2.5 4.5
plicand 2.0 | A5 )
A Rpax - 1.5
Hrmin [GeV] i 130 | i
AG(EWSS heand) [120°, 240°] [120°, 240°]
Ap(br, ba) - [0, 140]° [0,110]°
A¢(Emss h—jets) - 20°, 340°]
Emiss [GeV] 210 | : 150 :
Mo (GEV] (90, 120]

Table 9: Summary of the selection cuts in the O-lepton category for both LHC and FCC-hh

analyses.
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Vh.

— Selecti . Boosted category Resolved category
election cuts
h — bb (HL-)LHC FCC-hh (HL-)LHC FCC-hh
Prmin [GeV] . 20
Pl [GeV] - 15 :
nlbna.x - 2.5 4.5
nhcand 2.0 4.5 ]
ARp™ - 1.5 2.0
3¢ with o
Leptons pr > 27 GeV - Py =27 GeV -
and |n| < 2.5
Ay(Z, hcand)max 1.0 _
mee [GeV] 166, 116] 81, 101]
max. pf} imbalance 0.8 0.5 -
Pyt GV 90 if £ = p1 200 i
mhcnn(l [Gev} [90, 120]
p%_.min [GGV} 200 - - -

Table 11: Summary of the selection cuts in the 2-lepton category for the LHC and FCC-hh
analvses.

| Diboson precision measurements with the Higgs at LHC and FCC-hh | Alejo N. Rossia, 16 November 2022 AZ 1

The University of Manchester



V h Cuts / Eff. Zh Wh Wb Zbb tt

LHC | FCC | LHC | FCC | LHC | FCC | LHC | FCC | LHC | FCC

: 0 (* 1 1 | 032 041 | 034 | 040 | 0.78 | 1 0.98 1
h bE 0 UT jets 0.37 | 0.22 | 0.036 | 0.019 | 0.02 | 0.009 | 0.12 | 0.061 | 0.011 | 0.022
— 1 MDT DBT jet | 0.29 | 0.19 | 0.026 | 0.012 | 0.014 | 0.005 | 0.048 | 0.018 | 0.0018 | 0.0012
pheand 0.26 | 0.19 | 0.022 | 0.012 | 0.012 | 0.005 | 0.044 | 0.018 | 0.0016 | 0.0012
AG(ERS eana) | 026 | 0.19 | 0.022 | 0.012 | 0.012 | 0.005 | 0.044 | 0.018 | 0.0016 | 0.0012

e 012 | - |o0.007| - 0.003 | - |o0.013] - 0.0005 -

M., 0.12 | 0.19 | 0.007 | 0.012 | 0.0008 | 0.001 | 0.003 | 0.003 | 4-10=> | 0.0001

Table 12: Cutflow for the boosted events in the O-lepton category at LHC and FCC-hh. The
acceptance regions for charged leptons and jets at the different colliders are defined in the text.
A dash means that the particular cut was not applied. UT, MDT and BDT stand for untagged,
mass-drop-tagged and doubly-b-tagged respectively.

Cuts / EAf Zh Wh Wbb Zbb tt
LHC | FCC | LHC | FCC | LHC | FCC | LHC | FCC | LHC FCC
e 1 1 0.32 | 040 0.34 0.4 0.78 1 0.98 1
0 UT jets 0.37 | 0.22 | 0.036 | 0.019 | 0.020 | 0.092 | 0.12 | 0.061 | 0.011 0.022
2 res. b-jets 0.028 | 0.0037 | 0.0027 | 0.003 | 0.0016 | 0.0061 | 0.015 | 0.025 [ 6-107° | 1-107°
ARy, 0.027 | 0.003 | 0.0024 | 0.0003 | 0.0006 | 0.0002 | 0.0035 | 0.0034 | 1-107> | 41078
Hp 0.027 | - 0.0024 | - 0.0006 - 0.0035 | - e ff5 -
B 0027 | - [00024| - 0.0006 - 00035 | - [1-107° .
AG(EFS heana) | 0.027 | 0.0030 | 0.0024 | 0.0003 | 0.0006 | 0.0002 | 0.0035 | 0.0034 | 1-1075 | 4-107%
Ad(by, by) 0.027 | 0.0026 | 0.0024 | 0.0003 | 0.0006 | 0.0002 | 0.0035 | 0.0029 | 1-107> | 4-1078
AG(EPSs, b—jets) | 0.027 | 0.0026 | 0.0024 | 0.0003 | 0.0006 | 0.0002 | 0.0035 | 0.0003 | 1-107° | 4-.107%
Episs 0.027 - 0.0024 - 0.0006 - 0.0035 - 1205 -
M 0.027 | 0.0026 | 0.0024 | 0.0003 | 3-1075 | 2-107> | 10~* | 0.0001 | <107° | <4-107®

Table 13: Cutflow for the resolved events in the O-lepton category at the LHC and FCC-hh. A
dash means that the particular cut was not applied and UT stands for untagged.
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Vh.

h — bb Coefficient Profiled Fit One-Operator Fit
[-9.2, 4.4] x 1072 1% syst. [—5.9, 4.0] x 1072 1% syst.
¢ [TeV™2 | [—11.1, 4.6] x 1072 5% syst. [—6.8, 4.3] x 1072 5% syst.
[—14.5, 4.9] x 1072 10% syst. [—8.3, 4.6] x 1072 10% syst.
[-1.4, 1.4] x 107" 1% syst. [-1.2, 1.1] x 10~" 1% syst.
Ol [TeV™2] | [=14, 1.4 x 107" 5% syst. [-1.2, 1.1] x 10~ 5% syst.
[-1.5, 1.5] x 10~"  10% syst. [-1.3,1.1] x 10~"  10% syst.
[-2.1, 1.4] x 10~" 1% syst. [-1.9, 1.1] x 10~" 1% syst.
Cou [TeV 2] [—2.1, 1.4] x 107" 5% syst. [-1.9, 1.1] x 107" 5% syst.
[-2.2, 1.5] x 10! 10% syst. [-2.0, 1.2] x 10~"  10% syst.
[-2.0, 2.6] x 107" 1% syst. [-1.6, 2.0] x 107" 1% syst.
Cod [TeV 2] [2.1,2.4] x 107! 5% syst. [-1.6, 2.0] x 107* 5% syst.
[-2.2, 2.5] x 107" 10% syst. [-1.7,2.1] x 107" 10% syst.

Table 17: Bounds at 95% C.L. on the coefficients of the Ofogq), Ofolq) , Oy and O,4 operators for 13
TeV LHC with integrated luminosity of 139fb™'. Left column: Global fit, profiled over the other
coefficients. Right column: One-operator fit (i.e. setting the other coefficients to zero).
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Vh

h — b b Coefficient Profiled Fit One-Operator Fit
[—5.9,3.2] x 1072 1% syst. [—3.7,2.9] x 1072 1% syst.
¢S [TeV™2] | [=7.9,3.5] x 1072 5% syst. [—4.3,3.2] x 1072 5% syst.
[—10.6, 4.0] x 1072 10% syst. [~5.4, 3.6] x 1072 10% syst.
[-1.2, 1.1] x 107" 1% syst. [~10.4, 8.5] x 1072 1% syst.
L) [TeV—2] [—1.2,1.2] x 107" 5% syst. [—10.6, 8.7] x 1072 5% syst.
[—1.3, 1.3] x 107" 10% syst. [—11.1, 9.3] x 1072 10% syst.
[—1.8, 1.2] x 107" 1% syst. [—16.6, 8.7] x 1072 1% syst.
Cou [TeV 2] [—1.9, 1.2] x 107! 5% syst. [—16.8, 9.0] x 1072 5% syst.
[—2.0, 1.4] x 107" 10% syst. [—17.5,9.7] x 1072 10% syst.
[—1.7, 2.0] x 107" 1% syst. [—1.3, 1.7] x 107" 1% syst.
Coa [TeV 2] [—1.8,2.1] x 107" 5% syst. (1.3, 1.7] x 107" 5% syst.
[-1.9,2.2] x 107" 10% syst. [—1.4, 1.8] x 107" 10% syst.

Table 19: Bounds at 95% C.L. on the coefficients of the Ofpgq) : (’)fplq) , Oy and O, 4 operators for
13 TeV LHC with integrated luminosity of 300 fb~".
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Vh.

h Coefficient Profiled Fit One-Operator Fit
—
[-2.1, 1.4] x 1072 1% syst. [-1.1, 1.0] x 107% 1% syst.
¢ [TeV~2] [—3.9, 1.9] x 1072 5% syst. [—1.7, 1.5] x 1072 5% syst.
[—6.7, 2.7] x 1072 10% syst. [—2.9, 2.3] x 1072 10% syst.
[-7.6, 6.5] x 1072 1% syst. [—6.3, 4.5] x 1072 1% syst.
cSd [TeV 2] [—9.1, 8.3] x 1072 5% syst. [-7.2,5.4] x 1072 5% syst.
[—10.4, 10.4] x 1072  10% syst. [-8.7,6.9] x 1072  10% syst.
[-11.5, 5.9] x 1072 1% syst. [-11.1, 3.9] x 1072 1% syst.
Cou [TV 2] [-13.5,8.2] x 1072 5% syst. [—12.4, 4.9] x 1072 5% syst.
[—16.1, 10.7] x 1072 10% syst. [—14.4, 6.8] x 1072 10% syst.
[-1.0, 1.2] x 107! 1% syst. [—6.6, 10.6] x 1072 1% syst.
Cod [TeV 2] [-1.3, 1.5] x 10~* 5% syst. [—8.0, 12.0] x 1072 5% syst.
[-1.6, 1.8] x 107! 10% syst. [—10.4, 14.4] x 1072 10% syst.

Table 21: Bounds at 95% C.L. on the coefficients of the (95’(1), (’)((plq), Oy and O,y operators for
14 TeV HL-LHC with integrated luminosity of 3ab™".
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The U

Vh.

h N bE Coeflicient Profiled F'it One-Operator Fit
[—2.0,2.1] x 1073 1% syst. (1.1, 1.1] x 1073 1% syst.
¢ Tev=2] | [-4.9,3.7] x 103 5% syst. (2.5, 2.4] x 10~3 5% syst.
[—7.6,5.1] x 1072 10% syst. [—4.0, 3.6] x 1073 10% syst.
[-9.1, 10.7] x 1072 1% syst. [—8.1, 8.2] x 1073 1% syst.
o [TeV=2] | [~13.6, 14.5] x 1073 5% syst. [—11.4, 11.3] x 107* 5% syst.
[—16.3, 16.4] x 1073 10% syst. [—13.2, 13.1] x 1073 10% syst.
[—15.9,9.0] x 1072 1% syst. [—6.2,4.9] x 1073 1% syst.
Cou [TeVT2 | [-27.0,13.5] x 1073 5% syst. [—24.9, 8.2] x 1072 5% syst.
[—30.4, 16.4] x 1073 10% syst. [—30.2, 10.4] x 1073 10% syst.
[—17.9, 23.6] x 1073 1% syst. [—9.8,23.0] x 1072 1% syst.
cod [TeV72] | [-22.0, 26.5] x 1073 5% syst. [—14.0, 24.5] x 1072 5% syst.
[—25.1, 29.5] x 1072 10% syst. [—16.9, 26.4] x 1072 10% syst.

Table 3: Bounds at 95% C.L. on the coefficients of the 0&3(}, O&I), O, and O, operators for
FCC-hh with integrated luminosity of 30ab™'. Left column: Bounds from the global fit, profiled
over the other coefficients. Right column: Bounds from a one-operator fit (i.e. setting the other

coefficients to zero).
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Boosted 0-lepton category @HL-LHC
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Resolved 0-lepton category @HL-LHC
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h - bb

MANCHII—% IlER

N events

Boosted 2-lepton category @HL-LHC
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Vh.

h - bb

Nevents

Nevents
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Boosted 1-lepton category @FCC-hh
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Vh.
h — bb

Vh( - bb) @LHC Vh( - bb) @FCC-hh (100TeV, 30/ab)

0.3- ' ' i 0.03
' —— Vh(-bb) @LHC Run 3 ~--- Profiling over ¢y, 4 — 1% syst
0.2 { — Vh(-bb) @HL-LHC — Setting Cpu,g=0 | 0.02 - 5% syst
-~~~ ——=X 3z 10% syst
r'?_' 01 - ’,/’—;::E\\ r'T_' 001 . ’// I’/ \\\ \\\\
> A A 0 > / o a
L 0.0 :' : o O 0.004 i - R -
:I,_Ig : |‘ ,ll,’I ;g \\ \\ . ,,; ,,I
< —-0.1- ‘\ “-"j’l o —0.01 - \\\ \\____:"/ ,’/
N Seeel - -
—0.21 WZ @LHC Run 3 [1712.01310] [ —0.02- --- Profiling over cyy,a |
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Vh.

Vh( - bb) @FCC-hh (100 TeV, 30/ab)

h - bb
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—— No rapidity bins
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Figure 13: 95% C.L. bounds on the anomalous Triple Gauge Couplings dg;. and dx~ for Universal
Theories. We show the bounds obtained from our analysis of Vh(— bb) at the HL-LHC and the
FCC-hh, and compare them to the bounds obtained from different studies. Additionally, we present
the results of combining the bounds from all the analyses we are comparing for each of the two
colliders, respectively. Left panel: Bounds at the HL-LHC. We compare our results from V h(— bb)
with the bounds from the leptonic WZ channel [3]. Right panel: Bounds at the FCC-hh. We
compare our results from Vh(— bb) with the bounds from the leptonic W Z channel [3] and from
Vh(— v7) [5].
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Vh Dimension-6 operators in Vh

( 4 ) ) —
- O_zwp =H'0"H B*W? _ o
Opp = (H'D"H) (H'D,H) oWB — ¢ o 0B = (QrLo"v"Qy) (iHTa“DuH>
f N
Ouww = (qro™up) 7  HW! ~ ot
Opw =H'H W W, uw = (7L r) P 0L) = (Qry" QL) (zHTDuH)
— — (o BV I I >
O 5 =H'HW*"T7g, Oaw =(qro”dp) T HW,, O = (BrY*uR) (iH"’DMH)
— q 'L“) 3 b A
O,p =H'H B" B, Ous = (qLo"ur) HB,. Opa = (dpy*dr) (iHTDuH)
f N
—~ 4= v -
9) 5, IR BI B, Oip = (qro""dr) HB,., Ou, =H'H (qu HuR)
— yn . T g
O,wB —Hic®H B*W, Opud = (GrY"dR) (zH DuH) o =H'H (g, Hdg)
\ ) \ J) )

— MFV suppressed Sub-leading energy growth —— No interference with SM for massless quarks
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