Multijet (4j/6j) background to HH and HHH production

at the muon collider

Mauro Chiesa

University of Pavia and INFN

Muon Collider Physics and Detector Workshop, June 4th, 2021

in collaboration with Luca Mantani, Fabio Maltoni, Barbara Mele, Mauro Moretti,
Fulvio Piccinini and Xiaoran Zhao

Mauro Chiesa 4j(6j) background to u T~ — HH(H)vv



DISCLAIMER 1

| will only talk about 4j/6j background to HH/HHH
production at the muon collider

DISCLAIMER 2

all the results in this talk are preliminary
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Higgs self couplings at the muon collider

1 Mj, Milng‘l

L= —§M,3H2 - (1 +53)2—5’H3 _ (1 +54) =

03 related to the H H H vertex, can be measured from H Hvv production

04 related to the HH H H vertex, can be measured from H H Hvv production

Considering H — bb, the signature is

m 4b or 45 for HH production

m 6b or 65 for HH H production
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03 from ut = — HHvw

m Sensitivity to d3 at the p-coll. studied in:

m A. Constantini et al. 2005.10289
m T. Han et al. 2008.12204
m D. Buttazzo et al. 2012.11555

m roughly speaking (under reasonable assumptions on the luminosity):

m 03 € +6% for /s =10 TeV at 20

m 03 € £2% for /s =30 TeV at 20
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4 from ptp~ — HHHvw (1)

Mauro Chiesa 4j(6j) background to u T~ — HH(H)vv



04 from ptpu~ — HHHvi, 2003.13628

Vs [TeV] | L [ab™1] | 4 (arbitrary d3) | 84 (63 =0)
6 12 [-1,1.7] [-0.45,0.8]
10 20 [-0.7,1.55] [-0.4,0.7]
14 33 [-0.55,1.4] [-0.35,0.6]
30 100 [-0.35,1.2] [-0.2,0.5]

m under (reasonable) assumptions on the energy and the luminosity, the
muon collider can do a pretty good job in constraining the quartic Higgs
coupling

m no background considered!

m is the background really negligible?

m should we adopt any background suppression strategy?
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Remark on detector acceptance

The detector must be shielded from the beam radi-
ation

m 5-10 degrees blind spot in the forward region
for /s =3 TeV

m angle could be reduced at higher energies

0.09 T T T

V5 =15 TeV
0.08 | 2¥e¥ — 0.08 | Munn <1 TeV g%ex ,
e — e —
L 007 | }2 ?:X — 1 L 007 1 12 ?:X/ — 1
2 006 | 30 TeV — | £ 006 | 30 TeV — |
2 2
2005 | i 2 005 b i
Z E
T 004 1 T o004 1
E E
2003 — 2003 b —
0.02 | — 0.02 | —
0.01 | — 0.01 | —
0 . . . . ) 0 . . .
-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6
YH Yu

Mauro Chiesa 4j(6j) background to utpu~ — HH(H)vw



Event selections

I H H v

m Inclusive:

M(vw) > 150 GeV M(j7) > 30 GeV

m Acceptance cuts:

M(vw) > 150 GeV M (j7) > 30 GeV

P> 20 GeV —3<yi <3
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utp — HHHyw, background estimate with b-tagging

signature: 6b+-missing energy
m signal: uTp~ — HHHvo, H — bb

m background processes:
m utp~ — HHbbvw, if b(b) not from H and H — bb
m 't~ — Hbbbbuw, if b(b) not from H and H — bb
m ptp™ — bbbbbbuw, if b(b) not from H
w pt ™ — HHbbvw (upu~ — Hbbbbrvi ?) can be generated with
Madgraph or Whizard
m setting the b Yukawa to zero in the production matrix element

m considering the on-shell decay H — bb for FS Higgses

m ™ — bbbbbbuv it's a different story...
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wt ™ — bbbbbbrv background

m ™ — bbbbbbu:
m too many final state particles

m too many possible resonance histories

Madgraph and Whizard fail to converge in reasonable runtimes

m in the following pt ™ — bbbbbbri simulated with a private version of
Alpgen
m matrix elements computed with the same strategy used in Whizard

m phase-space integration tailored on the process under consideration

m this version of Alpgen used for these studies might become public at
some point: stay tuned!
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utp — HHHyw, with b-tagging, no H reconstruction

T
|
6b (no H) -
10" | E abH .
o
2bHH
T =
= HHH
3,
S | SSES T |
107 | =
1072 | b QoD
inclusive .
P> 20 GeV, |yp| <3 5
1073 . . .

m only 1/5 of the signal survives after selecting H — bb

m background not negligible
m pure QCD 6b production suppressed
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utu~ — HHHvw, with b-tagging, H reconstruction (1)

102 T T T T T 10? T T T
m [M(jj) — My| < 20 GeV
o (oo 1) |
10" | = awn n 1 10" L
: 2bHH
|
100 F ] ] 100 F ._.(,,m,m
= = o W g
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1071 b 1 1071 b = = 1
102 —ay 1072 Qe < 10
inclusive [l inclusive [l
P> 20 GeV, [y| <3 [ P> 20 GeV, || <3 [
10-3 L L L 1073 L L L

at least 3 jet pairs with |M (jj) — Mp| < 20 GeV
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utu~ — HHHvw, with b-tagging, H reconstruction (2)

10% 107
™ |M(jj) — M| < 20 GeV
- |
wE o Ho m 10" b
E vvvvvvv
10—k = 10° ,—.—- o )
z z P u.. B
t“)"”’ﬂ 7777777777777777777777 bu]liiiia 7777777777777 E 7775”"
. u .
10 @b QoD 10 r
inclusive [l inclusive
- P> 20 GeV, [yl <3 [ s Ph>20 GeV, |y| <3 [
10 . - .
MG) - M < 10 Gev m only 1/5 of the signal survives after selecting
o H —bb
mﬂ = m Higgs reconstruction needed (at least with
z 20 GeV resolution, better with 10 GeV res)
: 107! [T E 777777777777 . :Mi - . . .
- m full simulation for 6b quarks (no Higgses)
el o E = computed with a modified version of ALPGEN
inclusive [l
s ) Ph>20 GeV, Il < 3 -
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utp~ — HHHuvi, background estimate without b-tagging

signature: 6j-+missing energy

m signal: 'y~ — HHHvo, H — jj

m background processes:
m 't pT — ttv, with t — bW and W — jj
moputuT = WW_Zuw, if W — jj and Z — jj
m ot - WWHup, if W — jj and H — jj
m ot = Z2Z22vp, i Z = §j
m putuT — ZZHvw, if Z — jj and H — jj
m ptu” — ZHHv, if Z— jj and H — jj

m Background estimate in narrow width approx. can be generated with
Madgraph or Whizard
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ptp~ — HHHyv, NO b-tagging, NO H reconstruction

10 T T T T
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10° b o
107! .

m only 1/3 of the signal survives after selecting H — jj
m very large background

m full simulation for 6j still missing, however the largest contribution should be
from 6q (gluons have larger combinatorics, but pure QCD is suppressed)
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ptu~ — HHHvw, NO b-tagging, H reconstruction (1)
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at least 3 jet pairs with |M (jj) — Mp| < 20 GeV
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T

— HHHvv, NO b-tagging, H reconstruction (2)

10° 107
[M(jj) = Mu| < 20 GeV u’,->'2ﬂ(:o\'»”\):\\h<w; E
10° ] [ ] 10 |
= =
108 ! a.. 100 | E
T a T u .
inclusive [l .M.(E ‘ [
10! P> 20 GV, [yl <3 [ 10t F ™= zn 1
—a — =
100 e 10° i Emm 4
,,5 ,,,,,,,,,,,,,,,,,,,,,,, ,,5 ,,,,,,,,,,,,,,,,,,,,,,,,
101 107!
10° . . .
M) Ml < 10 Gev ntusve [l m only 1/3 of the signal survives after selecting
Pr>20GeV, [yl <3 [ -
10" H — ]]
o m Higgs reconstruction needed (at least with
T B 20 GeV resolution, better with 10 GeV res)
o - m full simulation for 6j still missing, however
I 5! L | the largest contribution should be from 6q
A, (gluons have larger combinatorics, but pure
=
1071 L T

QCD is suppressed)
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No b-tagging, background suppression: veto W and/or Z

1 Yy 10° T T T T T
|| M(jj) = Mu| <20 GeV Il
a8 M(jj) — Mu| <10 GeV [l
2 : W | M(j) - Mu| <20 GeV, py > 20 GeV, |y| <3 M
10 m |MGH) — Mul <10 GeV, P> 20 GeV, || <3
without veto [l
® n veto ZZ, |M(jj) — Mv| <10 GeV @
™ ™ - veto 27, |M(jj) — My| < 20 GeV @
3102
&
=
]
inclusive s
P> 20 GeV, [y <3 = 10 ] @
|M(j4) = My| <20 Gev inclusive @ -
[M(jj) ~ My| <10 GeV @ ph>20 GeV, [y;] <3 @
’ ww Wz WW or WZ WorZ 101

m vetoing W's and/or Zs does not kill too much signal (10 GeV resolution)
m vetoing W's and/or Zs kills the corresponding background

m best background suppression strategy should involve vetoes on W's
and/or Zs
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o3 from putpu~ — HHvw, H — bb: background

Similar calculation is ongoing for utu~ — HHvw

NG HHvv ZHvv ZZvv | sum vp | 4b(Y, =0) | 4b(EW)
1.5 | 0.06992(9) | 0.2355(3) | 0.3299(4) | 0.6353 | 0.3077(9) | 0.650(2)
3 | 0.2666(3) | 0.784(1) | 1.130(1) | 2.180 | 1.069(2) | 2.210(5)
6 0.6612(8) | 1.807(2) | 2.629(2) | 5.098 2.55(8) 5.16(1)
10 | 1.100(1) | 2.922(3) | 4.248(4) | 8270 | 4.11(3) | 8.35(2)
14 | 1.461(2) | 3.825(5) | 5.557(7) | 10.843 | 5.46(1) | 10.84(3)
30 | 2.501(2) | 6.396(5) | 9.233(8) | 18.13 | 9.1(3) | 18.00(5)

In this case, ™ — bbbbv (b(b) not from H) can be simulated using
Madgraph or Whizard, though event generation might take a while
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Conclusions

background processes for utu~ — HHHvw

m are definitively there
®m might be large
m they can be largely suppressed with some combination of:

m b-tagging (soft?)
m Higgs reconstruction

m Z/W vetoes

m optimal suppression strategy seems to require good resolution in dijet
invariant mass reconstruction

Mauro Chiesa 4j(6j) background to u T~ — HH(H)vv



Backup slides
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H self-couplings measurement: future colliders (HHHH)

m the proposed future colliders can put strong constraints on the triple
Higgs coupling d3: £10% 1-0 bound at CLIC and ILC, +5% at FCC

m the bounds on the quartic couplings d4 are very loose (68% CL)

m ILC: ~[—10,+10] (£1000%!)

m CLIC: ~ [—5,+5]

m FCC: ~ [-5,415], from pp —~ HHH
m FCC: ~[-2,+4], from pp— HH

| will focus on the sensitivity of the muon collider to the quartic coupling

under (reasonable) assumptions on the energy and the luminosity, the muon
collider can do a pretty good job in constraining the quartic Higgs coupling
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Details of the calculations

H produced on shell

H — bb (on-shell) decays added at the LHE level

I'v =Tz =TIy =0 to avoid issues with gauge invariance
technical cut M (vv) > 150 GeV

o and do computed with WHIZARD at LO

all results cross-checked with MadGraph and an independent calculation
by X. Zhao
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ptu~ — HHHvw: SM Higgs couplings (energy)

[ Vs(TeV) /L@ HJ[15/12][3/44 ] 6/12 |
’ OSM (ab) [NeV] ‘

oot 0.03 0] [ 0.31 [1] [[ 1.65 [20]
o(Mppm<3TeV) || 0.03[0] || 0.31[1] || 1.47 [18]
o(Mypp <1TeV) || 0.02[0] || 0.12[1] || 0.26 [3]

(V5 (TeV) /L(ab ) [ 10/20 [| 14/33 [ 307100 |
’ OSM (ab) [NCV] ‘
oot 4.18 [84] || 7.02 [232] || 18.51 [1851]

o(Mpum<3TeV) || 2.89[58] || 3.98 [131] || 6.69 [669]
o(Mypp<1TeV) 037 [7] || 0.45[15] 0.64 [64]

o increases with /s
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ptu~ — HHHvw: SM Higgs couplings (luminosity)

m the luminosities assumed for /s = 1.5, 3, 6, 14 TeV are based on MAP
studies

V. Shiltsev FERMILAB-FN_1083-AD-APC,

talks by D. Shulte and M. Palmer https://indico.cern.ch/event/847002/

m at /s =10, 30 TeV, the luminosity is fixed by (see arxiv:1910.06150)
Luminosity: )

L> 5 years \/E,,
time | 10TeV

2-10¥cm 27!

m for the 10 and 30 TeV setups, it might be that higher luminosity could
be achieved
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Sensitivity to d3 and d4 (small d3)
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Sensitivity to d3 and dy4
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Sensitivity to 0, (deviation from SMEFT)
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Sensitivity to 63 and &4 (v/s =3 TeV, L =100 ab™!)
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Sensitivity to d3 and &4 (arbitrary
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Sensitivity to d3 and d4: comments

stronger constraints on negative Js

constraints on positive ds improve with the cut Mgy <1 TeV
(provided that the cross section after the cut is large enough)

the bounds improve at large /s because the cross section increases

the most interesting region is d3 ~ 0, as bounds on §3 can be obtained
form other processes (i.e. utpu~ — HHvv). It is reasonable to assume
that such bounds will be competitive or stronger than the ones form
linear colliders

if 33 7 0, one can constrain possible deviations from the SMEFT
expectation for d4: 04 = 94 — 693
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Sensitivity to 0, (deviation from SMEFT)
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