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some memories from junior times

5k got to know Paolo in 1989 during my fellow at CERN
great times => LEP just started
in a few weeks running : Muyexp) > 4 GeV => 40 GeV

5k started to work with Paolo on b fragmentation functions

B.M. and P.Nason,
"Next-to-leading QCD calculation of the heavy quark fragmentation function",
Phys. Lett. B245, 635-639 (1990)

B.M. and P.Nason,
"The Fragmentation function for heavy quarks in QCD',
Nucl. Phys. B361, 626-644 (1991) [erratum: Nucl. Phys. B921, 841-842 (2017)]

later on, worked (also with Giovanni) on QCD corrections
to ZZ production at LHC

B.M., P.~Nason and G.~Ridolfi,
"QCD radiative corrections to ZZ production in hadronic collisions”
Nucl. Phys. B357, 409-438 (1991)

5k of course, interacting with such a master, learned a lot
on QCD...
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disciplines during the weekends
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while LHC start-up approaching ... |

3k in 2006, organized with Paolo, Vittorio (Del Duca),
Giacomo and Roberto (Tenchini)
three Workshops on "Monte Carlo's, Physics and
Simulations at the LHC" at LNF Frascati

3k aimed at bringing together all Italian LHC physics
communities (EXP, SM-TH, BSM-TH),
to train them in complementary fields
=> speakers requested to use an introductory language
for people with expertise in different fields

%k a lot of great contributions (and fun l)
3k Paolo's GREAT work in Proceedings production
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Measuring Quartic Higgs boson

self-coupling at future colliders

N\ 7
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Higgs self-interaction couplings |

3k the "tough topic" even at "most-future” colliders
5k most interesting to measure from theory side....

Higgs potential :
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multi-Higgs production needed for direct observation I
HH / HHH production =» tiny x-sections |
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outline |

Xk HHH sensitivity on A4 (A3)
at 100TeV pp collider [ gg » HHH ]

XK multi-Tev UH colliders (revived after ESPP2020)
-» tentative parameters and timescales

&k HHH sensitivity on A4 (A3)
at multi-TeV py colliders [ VBF -» HHH ]

[for' negllglble bckgr's .o ] Chiesa, Maltoni, Mantani,BM,Piccinini,
JHEP 09 (2020) 098

3k impact of physics bckgrs (preliminary)

| Chiesa, Maltoni, Mantani,BM, Moretti, Piccinini, Zhao
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%k gg » HHH
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(SM) Oty VS Owl, 1y [pp collisions) |

LHC HE-LHC FCC—pp LHC HE-LHC FCC—pp
000L arXiv:1810.04665
.S
S 1000+
<
.S
o h/hh
- 500F
S
3
250}
10—5 ! . . | . : . | . | . :
10 20 50 100 10 20 50 100
Vs [TeV] Vs [TeV]

OrvHy ¢ Orny /100 ¢ ~ fb
at /S < 100 TeV
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arXiv:1508.06524 hhh — final state

many many different

HHH final states with
N.y > 10

at 100 TeV (30 ab-1)

& (bD)

quite a few studies
of gg = HHH
at pp colliders :

hep-ph/0507321, arXiv:1508.06524
arXiv:1510.04013, arXiv:1602.05849
arXiv:1606.09408, arXiv:1702.03554
arXiv:1704.04298, arXiv:1708.03580
arXiv:1810.04665, arXiv:1811.12366
arXiv:1909.09166 . ..

Barbara Mele

BR (%) o (ab) Ngoab—l

(bb)(bb) 19.21 1110.338 33310
bb) (bb) (W W1y) 7.204 416.41 12492
bb) (bb)(77) 6.312 364.853 10945
bb) (77) (W W1p) 1.578 91.22 2736
bb) (bb) (W Wayp) 0.976 56.417 1692
bb) (W W) (W W) 0.901 52.055 1561
bb) (77)(T7) 0.691 39.963 1198
bb) (bb)(Z Z2e) 0.331 19.131 573
bb) (W Wap) (W W) 0.244 14.105 423
bb) (bb) (77Y) 0.228 13.162 394
bb) (77) (W Wayp) 0.214 12.359 370
TT‘)(Wng)(WWw) 0.099 5.702 171
TT) (7T ) (W W1p) 0.086 4.996 149
bb)(Z Z20) (W W1p) 0.083 4.783 143
bb) (77)(Z Z20) 0.073 4.191 125
bb) () (W W1y) 0.057 3.291 98
bb) (77) () 0.05 2.883 86
WWle)(WWu)(WWu) 0.038 2.169 65
TT‘)(WWQ@)(WWM) 0.027 1.545 46
T7)(77T)(7T) 0.025 1.459 43
bb) (W Wape ) (W Wap) 0.017 0.956 28
WWae)(WWie)(WW1,)  0.015 0.882 26
bb) (bb)(Z Z 40) 0.012 0.69 20
7T) (17T ) (W Wap) 0.012 0.677 20
bb)(Z Z0) (W Wayp) 0.011 0.648 19
T7)(Z Z20) (W W1y) 0.009 0.524 15
bb) () (W Way) 0.008 0.446 13
77) () (W W1y) 0.006 0.36 10
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anomalous Higgs self-coupling parametrization

)‘iszlf\z/lh — A?zlf\z/[hh — m_f;
m; 1 SM 4%
2 SM .13
Vi = 7hh + (1 4+03)Apppvh” + 1(1 +04)Annnnh
typical of 1 B _ _
well-behaved EFTs - - 03 = Cg 04 =66 + Cs
VP (@) = Agfj_ y (qﬂ O — %v2>
#:3 3 interesting benchmarks :
2
_ CeU S .
% = ysniyz = 0 - 03 =0; free 04
4
gy = 4;;2@ 64— 664 - 04 = 603 (well-behaved SMEFT)
AoM A4
- free (d03,04) —
A3 = Agp (1 +93) be agnostic about how UV dynamics modifies

Higgs self-interactions

A = Agn (1 4+ 04) -» no assumption about the actual size of (03, 04)
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O(HHH - bbbbbb)  [pp , 100 Tev] |

arXiv:1909.09166

2.5 1

100 TeV, 20 ab-1

significance

—
)
]

e
ot

-0 -8 -6 -4 -2 0 2 4 6 & 10 12 14 16 18 20

d4 Ay = ASM(l -|—d4))

A3 = Agnp (1 + 03)

Ay = Asp(1+04)

[ 3:=0] -6 < 04 < 18 (95%CL)

"typical" constraining power of HHH in pp
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hhh — (bg)(bg) (vy) pp. 100 TeV, 30 ab-1

(BR~0.2%) S/B ~ 0.5 S/vVB ~ 2.1

PIOCESS o0 (tb) oNLO X BR X Ptag (ab) Canalysis Nouts

hhh — (bb) (bb) (7). SM 2.89 5.4 0.06 9.7

hZZ,(NLO) (ZZ — (bb)(bB)) 0.817 08 0002 0 <1

hhZ,(NLO)(Z — (bb)) 0.754 0.8 0.007 <1

hZ,(NLO) (Z — (bb)) 8.02 x 103 1130 O(107°)

bbbby + jets 2.95 x 10° 2420 O(107?)

bbbb + jets 5.45 x 103 4460 O(1079) <1
)

bzm +jets 98.7 4.0 O(107°

Lhhtjets,SM____—2r5 593 Tx 101 124 ]

[ 6320 ] -5 < 64 < 15 (95%CL) aI‘XiV:1508.06524

arXiv:1606.09408

° 1] ° ° - | °
in OP‘r'm'ShC scenario "' for indirect A4 bounds from H and
HH production: 1810.04665,1811.12366
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multi-TeV muon colliders St o,
e;-ssp

i ' H-

J /S, ~ 3, 6, 10, 14, 30 TeV |

L = (Ecy/10 TeV)? x 10ab™?

~ 1 ()

O'Poin'r X fL ~ 104 v.rs
551’01‘ ~ 1 °/o g

' allows precision on whatever is | |
| pair-produced in s-channel | |

| not yet systematic |
’ Physics studies,

a few preliminary §
projections | '.
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Tentative Target Parameters

SV TN [ 3Tev  10TeV  14TeV

Based on extrapolation of
MAP parameters

| cf. CLIC_3TeV requiring |
: a 50 Km tunnel ! :
{_( and Pocan~ 28 MW 1) §

o) mm 5 1.5 1.07
B mm 5 1.5 1.07

integrated lumi
Oyy Hm 3.0 0.9 0.63 for 5 years (107 s) run

Schulte, July 2020 /
L~10em st~ 1ab™ Yy o Y S
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Muon-Collider (3 TeV) "technical"” timescale |
IMCC

09.01318
i.i Technically limited timeline
o
T £
S 8 Initial design
g g Facility Conceptual
= % Design
RO Technical
8 e Design
0 0 Facility Construction
o) o o
T Demonstrator Q S
o @ design S 2
£ 5 Preparatory | & 15
= % work S -5
O N0 Prototypes % Demonstrator %
2 Construction )
o & |Demonstrator exploitation and upgrades
1 i
©
g Design and
T modelling
g Prototypes
Pre-series
Production
Cost and Performance Ready to Ready to Ready to
Estimation Commit Construct Operate
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https://arxiv.org/abs/2209.01318

Muon-Collider comparative timescale |

2025

HL-LHC

LBNF/DUNE ! |

Construction

Snowmass MC Forum 2209.01318

| Operation

MucColl
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Pre-CDR Stage

US/Eur
ope
engage

o

/

\
ILCin

US/Europe,

Higgs
—

-

) :

Construction

Demo/TDR Stage

FCC proceeds at CERN;
US pursues MuColl

feasibility

Linear Collider at CERN/MucColl in US

select OR

Factory Linear Collider in US/ MuColl at CERN

Barbara Mele
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at [VSy, > a few TeV's], point oy»x (~1/s)
superseeded by oww-x (~log" s) |

10% [102 ab-1]

© 10° m

107

10

1
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10°°

10°°
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[fb]

/s [TeV] .



trilinear Higgs coupling at Muon Colliders |

2 m2

1 3 h 14
tAs—h" — A\g—=h
o 2 802

sk 40.000 HH pairs at 14 TeV |

HH — 4b

pr(b) > 30 GeV, 10° <6, <170°, ARy >0.4. |m;; —mpg| < 15 GeV

3| 6 (other
benchmark lumi (ab™!) 1 4 projects)
HHWW (AKw, )in 5.3% | 1.3% | 0.62% | 0.41% | 0.20% | B%CLIC
HHH  (Ak3)in 25% - 0% 1| 5% 6%
(95% CL, single-parameter fit) T. Han et al. arXiv:2008.12204
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wruT — HHHv, (v = VevVWVT) |

2

m 1
Vi = Tth + (1 +33)\nnvh® + 4(1 +34) A

w T = WW,p,
— HHHv,7,

0 = 1 + 203 + €304 + 40304 + 055§ + cg05 + c75§ -+ 085554 + 095§

HHHZ subdominant !

OHHHZ ~ 1/2 OHHHWV @ 3TeV
~ 1/50 OHHHvww @ 30TeV
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O (03, 04)

[ HH collisions ] |

22
20
18
16
14
12
10

o |ab]

N &~ O 0

Barbara Mele

Chiesa, Maltoni, Mantani, BM, Piccinini, Zhao,
arXiv:2003.13628, JHEP 09 (2020) 098

o

WHIZARD
B si=-1,/ |
S S 54 =0 (SM)-

o |
2200
<
2000 >
o
1800 ™
o
1600 O
1400~
1200
1000
300
600
400

200

o [ab]

A3 = Agar(1 4+ 93)

A = Asp(1+dy)

102 ; !
Wt — HHHp SMEFT
MG5_aMC '
ik —— e Ty TR
wb [ 1/ WS W S S
| | B3=0,=0 (SM)
. — 03=1,6,=6 .
5 = &=-1,0,=—-6 1
| — 8=0,6= 1
10 ! ! ! ! !
0 5 10 15 20 25
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0.09

0.08 |-
0.07 |-

o]

Z 0.06 |

g 0.05 |

<
g 0.03 -
—~

0.02 -

0.01 |

0

T 0.04 -
.N

O (SM)

[ HH collisions ]

Vs (Tev) /L (ab™)

10 / 20

14 / 33

30 / 100

OSM (ab) :Nev]
oot 4.18 [84] || 7.02 [232] ][ 18.51 [1851]
o(Mggm<3TeV) || 2.89 [58] || 3.98 [131] || 6.69 [669]
oc(Mygpg<1TeV) 0.37 [7] || 0.45 [15] 0.64 [64]

M, > 150GeV
do/dYu

V3 =1.5 TeV
3 TeV i
6 TeV —
10 TeV — |
14 TeV —

30 TeV — | |

—6

—4 —2 0 2 4 6

arXiv:2003.13628

Barbara Mele

do/dYn 007
| - /5=15TeV
- M <1 TeV 3 TeV 1006 |
HHH S5 28 6 TeV —
| 10 TeV — |
MuHH<1TeV 14TeV — |5 0.05
30 TeV — |
2
£ 0.04
1
=
1 & 003
=
E
0.02
z
0.01
0

A life in Phenomenology, 15 September 2022

applied everywhere (selects VBF contribution)

‘V/§::]d5'ib\f

\ do/dpr +

3 TeV

6 TeV — A

10 TeV —
14 TeV —

30 TeV — |

200 300
pT7 H [GGV]

100

400
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oHHH /O(sm) versus (03 , 34) |

arXiv:2003.13628

"

0.8

Mpupg <1 TeV - | | ;; “
0.8 3 n | | | : "

$

Barbara Mele

04’

A3 = Agm (1 4+ 63)

A = Asnr (14 d4)

-1 -0.7% -05-025 O 025 05 075 1 -1 =07 -05-025 0 025 05 075 1

4 03

maximal A4 (A3) sensitivity for MyqH close
to threshold [independently of V Sy, ]
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bckgds to VBF - HH at CLIC 3TeV |
V5=3TeV L =5ab | S/B ~ 1

Process o /b €tightBDT NtightBDT
HHVV § 0.59 8.43 % 367
only HH— bbbb 0.19 26.3 % 361

only HH— other 0.40 0.2 % 6
eTe” — qqqq 547 0.00033 % 13
eTe” — qqqqvv 72 0.017 % 90

_I_

e  — qqqqly 107 0.0029 % 23
e e — qqHVV] 4.7 0.56 % 174
ety > vqaqdq 523 0.0014 % 52
ety = qqHyv 116 0.0026 % 21

Roloff at al, arXiv:1901.05897

let's assume no bckgr for VBF->HHH
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(N-Nsmn)/VNsm ~1 vs (33,34) |
VBF—HHH | % = w50 /S, = 14 TeV

A = Asam(1+dyq)

arXiv:2003.13628
. 1 . :
3 s 1 /
64 64 Vs =14 TeV
2.5 | L=33 ab™!
05 F v| <1 AR RRR L R | .
2
MurH<1TeV
S s 0 RS
0.5 |
ol ot |
cgb% // SM e
—0.5 v’ Otot
’ o7, ’ OMymu<l TeV]
—1 Lz | | i | | 1 | | |
—02 0 02 04 06 08 —0.2 —0.1 0 0.1 0.2
03 03

03

[05=0] -0.3 < 84 <0.5 (68%cL) Il
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54 bounds from ouHH(on) [33=0] vs VS, |

Vs (TeV) Lumi (ab™') | x-sec only  x-sec only
l o 20
6 1 0.60,0.75] [—0.90, 1.00
10 20 0.50,0.55] [~0.70,0.80
14 33 0.45,0.50]  [—0.60,0.65
30 100 —0.30,0.35]  [—0.45,0.45
3 A 100 —0.35,0.60]  [—0.50,0.80

%k full HHH statistics E
3k no background -

3k no optimization from kinem.features
of (03,04)-depending sub-amplitudes

4
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for 0320, can constrain deviations from
SMEFT configuration [04 ~ 6 03]

Barbara Mele

[N (65,04 + 605) — N (d3,605)|/+/N(d3,603) <1

| |
'O . Vs =14 TeV
""""""""""""""""""""""""""""""""""""""""""""""""" L:33ab—1
O
2 &

|

<1

A®)

el

30

\/5 =30 TeV
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Beam Induced Bckgr (BIB) from muons' decay

two tungsten nozzles can mitigate BIB in detector
-> = reduced acceptance in forward regions

250 |- N9

(MAP studies at /S,,~1.5 TeV » .
+ recent studies in IMCC) =

=500 0 : 2.50e+03 5.000+03 7.5

0.09 dO'/dYH : da/dYH
\/§=1-g %eg — | |  /s=15TeV —
0.08 6 TEV ] = Mgy <1 TeV 2 $§¥ o
10 TeV — eV —
, 007 | LN o -MHHH<1TeV N
£ 0.06 0Ty — | 04 sensitivity enhanced | 30 TeV —
2 005 for MuuH<1TeV where
S final p.les are more |
E 7 centrally produced ., |
S 0 2 4

6

YH

=>=» cutting off small angles
could increase sensitivity |
A life in Phenomenology, 15 September 2022 30
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04 bounds [53=0] - Oiot VS a[r'educed accept.]

Vs (TeV) Lumi (ab™1) ] <3
6 12 —0.60,0.75] [—0.50,0.70
10 20 —0.50,0.55] [—0.37,0.54
14 33 —0.45,0.50] [—0.28,0.43] 04
30 100 —0.30,0.35] [—0.15,0.30,
3 100 —0.35,0.60] [—0.34,0.64,

3k geometrical selection on H - bb decay products
(in principle inclusive on H = bb,cc,gg,T 1...) = no BR applied

* klllmg acceptance in for'war'd regions increases sensitivity |

self-coupling measurement robust |

, 1
e~ # relative weight
. S increases | Lowenemmme -
\ roara meie~ A life in Phenomenology, 15 September 2022
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"Physics" bckgds to VBF - HHH

3k all HHH decay modes with sizeble BR's are relevant |

%k 8-body final states (at least !)
= hard in general to evaluate via MC's

3k 6b-jet bckgr moderate at FCC-hh [arXiv:1801.10157]
3%k might be S/B > 1 at multi-TeV muon colliders... = =

T

Chiesa, Maltoni, Mantani, BM, Moretti,Piccinini,Zhao

\< (in progress)
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VBF = HHH background estimate [with b-tagging]

,u_l_,u_ —> HH[)BV& =y Madgraph or Whizard
(with on-shell H decay)

,u_l_ ,u_ — H bgbguﬂ =» Madgraph or Whizard (?)

ut = — bbbbbbvs  ????)

-=» private version of Alpgen

3k in HHH signal BR(b)® ~ 1/5 suppression |
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JSy, =14TeV (without my reconstruction) |

10% |
N 4bH
101 — 56]0 o .4bH 2bHH —
| 6b (no H) - L |
. HHH signal B
100 F . = __
'3' HHH
=
S S 5 _______________________
6b QCD
10_2 - u 6b QCD 5
M) > 150 [CeV .
M(j§) > 30 |GeV e —
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with my reconstruction (20GeV)

10% |

10t + .

4bH 2bHH
1072 | _
inclusive .
po > 20 GeV, |yp| < 3 :
].0_3 I | |
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with my reconstruction (10GeV)

10% | l
101 :
HHH
100 F . .
| o mm 4bH  2bHH
S __ _ M. _ _ _ _ _ _ _____._ - - - -
10_1 - 5 .4bH . —
| 6b (no H) |
| B - = |
10_2 - 6b QCD < 106 : -
inclusive .
_ D .
o 6b QCI * - ph> 20 (l}eV, lys| < I3 -
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no b-tagging ( HHH - 6jets signal ) |

tuT = ttvw, with t — bW and W — jj

T = WWZvo, f W — 57 and Z — 45
—WWHvr, it W — 99 and H — 9
— L4 Zvv, it Z — 97

— ZZHvv, it Z — 37 and H — 37

= T =T T T T
= T T T E

— /ZHHvv, it Z — 57 and H — 3

3k Madgraph or Whizard can make it (narrow width approx.)
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BR(H - jj)3 ~ 1/

105 C | | | |
‘ M (]]) B MH‘ < 10 CeV | inclusive .
pr > 20 GeV, |y;| <3 :
10% | |
_ further optimization needed !
10° .
vetoing W's and/or Z's
T B very very efficient !
S : - |
_ soft b-tagging ?
10 | ww [ ! mostly qffec‘rs bckgr...
-
10Y - .HHH ~
E_ .ZHH
101 :
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outlook

3k testing Higgs potential via Higgs self-coupling measurement
of paramount importance |

>k triple Higgs production only direct access
to quartic self-coupling

projections at FCC-hh can give few-% accuracy on A3
but only mild bounds on A4 (8A2/A4~10) at present

¥k first indications that | colliders @10+TeV with

L~ 1035cm-2s-1 might provide a A4 determination
with few-10% accuracy (9A4/A4~1)
=» =» significantly better that other future projects !

%k physics bckgds expected mild (also for hadronic final

states) =>» preliminary detailed simulations confirm |
optimal bckgd suppression requires good resolution in
M(jj) reconstruction |
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