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Observation of the Higgs Excellent
boson by ATLAS and CMS N\ Ongoing campaign of measurements of the Higgs boson properties. .. 1P agreement with
(H— yyand H - ZZ* — 4] | * * * > the Standard
channels) 2012 2018 Model (SM)!
Observation of the H — bb decay / .
¥ J/ (@)

More and more pp collision data delivered by the LHC during Run 3!

» - Precision of measurements will increase. @}‘ _
- New couplings will become accessible! ==—Pp The Higgs boson trilinear self-coupling AynH! i
H
A . ® Measuring ApnH allows to shed light on the shape of the Higgs boson potential. 7
HHH .° —
__H___‘:’ ® The only direct way to access Aunn is via Higgs boson pair production (HH)! &
» Extremely rare process! =P In the SM, o(HH) = 10-3 x o(H)! ATLAS ~+— Ooseedim 5% 0
) Vs=13TeV, 126—140fb~" (Eﬁff:tgwgmhggé) o
h Rt =czan 2 S
® No hint of HH with Run 2 data. = But we are getting close to SM-like sensitivity... | obs.  Exp
» Current observed (expected) constraints on HH production: p * | S
O ATLAS = o(HH) < 2.9 (2.4) x oSM(HH); bbbl * | 53 81
o CMS = o(HH) < 3.4 (2.5) x oSM(HH). H
pbrie - 59 33
® According to current projections, an observation of SM HH production could be possible only  cm 20 24
at the eﬂd Of HL'LHC. ’ i N 9;5/0 CL uzsper Iim2it50n HIjZignal :t?ength‘:fHH
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-18/
https://www.nature.com/articles/s41586-022-04892-x

The bbH background for HH searches

The most sensitive HH channels all involve the H—bb decay.

» Single Higgs boson production + bb (= bbH ) is an irreducible bkg. for all these searches!

® bbH rate comparable to SM HH signal in HH phase space.

® y.2 contribution currently simulated by the experiments using
ggF NNLOPS (ATLAS) or MiNLO (CMS):

» O Within 5-flavor scheme (5FS) = Massless bottom quarks.
O Only at most LO-accurate for ggF Higgs + 2 jets.

O(as? yp,) O(as? y:)

® ATLAS HH searches assign a 100% uncertainty to the ggF H
+ bb background.

» O Also motivated by data - MC disagreement in other analyses
(see JHEP 08 (2022) 027 and Eur. Phys. J. C 80 (2020) 242).

- ggF H production + bb O Now the primary systematic uncertainty for HH searches,

generated via QCD radiation. affecting the current constraints on HH production from
ATLAS by 25%!

do (bbH) « |O(as? yp) + O(as* y:)|?
« O(yp?) + O(y:2) + O(ybys).

Crucial to have better description of the bbH
background for the next generation of HH searches!
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The bbH process @ NLO

The (fiducia
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MadGraph5 aMC@NLO
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) rates tfor the bbH process was computed @ NLO in the 4-flavor scheme (4FS), using MadGraph5_aMC@NLDO.
ing the «y,2 and the «y;2 contributions and the interference («yyy:). \_' Massive bottom quarks.

® The y:2 contribution to the bbH cross-section is dominant already @ LO.

» Becomes even larger @ NLO, with K-factors = 2 - 3.

® Large NLO / LO K-factors for both y:? and y,2 components, with strong
dependence on the differential distributions.

» Critical to have reliable predictions for the bbH process @ NLO.

® The interference term is subdominant (= 5-10% w.r.t. the total).

» Subleading w.r.t. the relatively large scale uncertainties (= 50%),).
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https://link.springer.com/article/10.1007/JHEP07(2019)054

The bbH process @ NLO + PS (4FS) in the phase space of HH—bbyy

We present a simulation of bbH process @ NLO + matching to parton shower (PS) in the 4FS + JHEP 09 (2023) 179
dedicated analysis targeting the HH phase space! == Using the HH—bbyy search as a representative case.

Setup

® Same approach & settings as JHEP 07 (2019) 054.
» - mp = 4.92 GeV, m; = 172.5 GeV, my = 125 GeV.
- PDF setNNPDF31_nlo_as 0118 nf_4.

- Central scales pyr = yg = psp = Hy / 4.

® \We simulate only the y,2 and y;2 contributions ( = the ypy: interference is ignored).

® Fiducial cuts inspired by HH—=bbyy analysis (JHEP 01 (2024) 066).

»

- Consider di-photon decay of the Higgs boson.
- Anti-kr jets with R = 0.4, with pt > 25 GeV and Inl < 2.5.
- At least and exactly 2 b-jets ( = jets containing at least one B-hadron).

- : pr(Y1) > 0.35 (0.25)xmyy, In(y)l < 2.37, 105 < myy < 160 GeV. =P Targeting the H—YY kinematics.
- b-jet cuts: 80 < mpp < 140 GeV. == Targeting the H—bb kinematics.
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The bbH process @ NLO + PS (4FS) in the phase space of HH—bbyy

We present a simulation of bbH process @ NLO + matching to parton shower (PS) in the 4FS + JHEP 09 (2023) 179
dedicated analysis targeting the HH phase space! == Using the HH—bbyy search as a representative case.

Fiducial cross-sections

Cut Contr. | Run | LO | NLO dugrr 6Qsn l\zylgLI(?g)S silgrljal
t
% %
2 PY8 | 3.15| 4.22 22 t.O
* 1| HW7| 2.59 | 4.08 el 299
+58% +10%
Fid. cuts yt? PY8 | 8.24 | 18.1 —34%  —7% = 22.7
“ HW7 | 6.83| 16.6 HZ || gD
) 50% 10% 17.2
oy | PY8 114 223 .
HW7 | 9.42| 20.7 T

- )’bz = +50%.

® The scale uncertainties @ NLO are still sizeable (especially for y:2, where they are within ~60%).

® The corrections to the bbH rates are very large! =9

® The impact of the PS (Pythia8 or Herwig7/) on the bbH NLO rates is within ~10% (= subdominant w.r.t. the scale uncertainties!).

® The bbH background rate is comparable with the SM HH signal.

® The ggF SFS NNLOPS simulation provides bbH cross-sections larger by a factor ~2 w.r.t. our 4FS bbH @ NLO prediction.

» - Could be traced back to the g—bb splittings in the PS.
- , the ggF SFS NNLOPS rates drops to half its nominal prediction. ——# More details in the next slides.
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Differential distributions

pp — bbH, H — ~v, LHC 13 TeV, NLO+PS pp — bbH, H — v, LHC 13 TeV, NLO+PS
3
10 No cut 100 4 — o Fid. cuts
— yi2 contribution _ " ; |
£ . : | 1
10! - increasingly = P | /'\
2 | larger w.r.t. the =,
A y;, PY8 Vb2 8 v, PY8 | y,2 contribution
yj, PY8 contribution. _ :|=\_ yi, PY8 (= softer bottom
- Yy, HW7 — Yy, HWT I(
. . | . . 10-2 | | | . quarks)
] __ ] 2
1.5 yZ, pr,F var. LO/NLO+PYS | ~ 1.54 42, pr p var. e comp.araI:.)Ie to yi
103 Lo contribution (=
i . - harder bottom
0.5 S ; yi2 contribution o054 - B
— . o e o - . . . . . quarks generated
; has larger NLO ; —
1.5 7 v, pur,F var. ——- LO/NLO+PY8 corrections and 10 1 ¥ e, var. --- Lo/NLo+pys | by hard gluon
1.0 3 scale unc 1.0 - — - recoiling against
T A T e ' o547 S i i b ] the Higgs) at low
: T T T T T : T T T T - : l mZbZY*, and
00 1 2 : 00 .
3 y2, Qsp, var. - —— PY8-A 95 4
E 1.25 : Yi, Qs ~ [V PORIRORRITIR - =- fNLO E 1.25 strongly
P i T — o 1.004 suppressed at
5 0.75 - — - PS unc. 5 0.75 larger mzva, .
. — ' ' ' ' ' become larger . — ' ' ' '
= y Wsh Var. - PY8-A . , Qsp var e PY8&-A
> 1.25 4 Uiy Qu S s — o | § forN(bjet) =3. & 1253% Ran var. S e O
5 1.00 - T T T T T T e— o 1.00 7t =
% 075 .............................................. % 075-: T -ulli
= L = : o
2 3 4 300 400 500 600 700
N(b jet) =9 Remind: b-jets defined as anti-kt jets with R = 0.4, pt > M3yo, [GeV] == Mob2y" = Mop2y - Mpp - Myy + 2mMi.

25 GeV and Inl<2.5, including at least one B-hadron.
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Comparison and combination with inclusive NNLOPS prediction

pp—bbH, H-vyy, y? contribution, LHC 13TeV , PY8

® The bbH cross-sections provided by the ggF 5FS NNLOPS simulation are

larger by a factor ~2 w.r.t. our prediction. | Fid. cuts HeNNLOPS (5F5) .
_ . . . _ of [ Y1 0 e H@NNLOPS (5FS) no g—bb ]
® This discrepancy is recovered if we the in the PS. 1 25 LO+PS (4FS) '
, _1of[f
» Question: why does the generate a large amount 7 || NLO+PS (4F5)
of events with 2 hard and central (pr > 25 GeV, Inl < 2.5) b-jets? ! '
» 1. Maybe soft wide-angle bottom quarks from o 08T L
are clustered with other hard partons to form 0.4f
two hard b-jets (= pp—=H + bb + jj events)? 0
2. Or maybe are generating hard, wide- ¢ reeasmld
angle bottom quarks? 300 400 500 600 700

- - N Tn’;be [GeV]
pp—bbH, H—vyy, y? contribution, LHC 13TeV , PYS8

Fid. cuts B ) | populate region with high B-hadron invariant mass!

1-5_' -------- H@NNLOPS (5FS) no gﬁbb'_
o » O are generating events with hard B-hadrons!
g 1 O Probably bottom quarks from are hard and well
: separated.

0.5 . . . . . . .

» - Kinematics poorly described in soft / collinear approximation of the PS.
i . - The PS is acting outside of its validity range.
"% 50 100 150 200

mpR [GGV]
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Comparison and combination with inclusive NNLOPS prediction

pp—bbH, H-vyy, y? contribution, LHC 13TeV , PY8

® The bbH cross-sections provided by the ggF 5FS NNLOPS simulation are N e _-

1.4} .
larger by a factor ~2 w.r.t. our prediction. | Fid. cuts HeNNLOPS (5F5) :
. . . _ 19 | 1L 00 e H@NNLOPS (5FS) no g—bb
e This discrepancy is recovered if we the in the PS. | LO+PS (4FS) '
: _ 10t
» Question: why does the generate a large amount 3§ [| NLO+PS (4F5)
of events with 2 hard and central (pr > 25 GeV, Inl < 2.5) b-jets? ! '
» 1. Maybe soft wide-angle bottom quarks from o 08T L
are clustered with other hard partons to form 0.4f
two hard b-jets (= pp—=H + bb + jj events)? 0ol
2. Or maybe are generating hard, wide- [ e 3= 5 s
L
angle bottom quarks? 300 400 500 600 700
- - - Tn’;be [GGV]
pp—bbH, H-vyy, y> contribution, LHC 13TeV , PY8
[ Fid. cuts — HeNNLOPS (5FS) | populate region with no light jets (in addition to the
N HeNNLOFS (55) no g0b | two b-jets from the fiducial cuts).
B o are not contributing to pp—H + bb + jj events

o per bin [ab]

(i.,e. N (light jets) = 2).

o Potential double-counting of pp—=H + bb events (already covered
i | by the Matrix-Element calculations in ggF NNLOPS 5FS simulation)
A e | from the PS.

N(light jet)
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Comparison and combination with inclusive NNLOPS prediction

pp—bbH, H-vyy, y? contribution, LHC 13TeV , PY8

® The bbH cross-sections provided by the ggF 5FS NNLOPS simulation are

larger by a factor ~2 w.r.t. our prediction. | Fid. cuts HeNNLOPS (5F5) .
, . . . _ 19 | 1L 00 e H@NNLOPS (5FS) no g—bb ]
o L ]
This discrepancy is recovered if we the in the PS. | LO+PS (4FS)
: _1off
» Question: why does the generate a large amount 2 [| | NLO+PS (4FS)
of events with 2 hard and central (o1 > 25 GeV, Inl < 2.5) b-jets? 5 08 ' _____
D —
o ¥ -
» 1. Maybe soft wide-angle bottom quarks from s 1T L
are clustered with other hard partons to form 0.4f
two hard b-jets (= pp—=H + bb + jj events)? 0ol
2. Or maybe are generating hard, wide- ¢ reeasmld
angle bottom quarks? 300 400 500 600 700
- ~ N Tn’;be [GeV]
pp—bbH, H—vyy, y? contribution, LHC 13TeV , PYS8 pp—bbH, H-yy, y; contribution, LHC 13TeV, PY8
Pid. cuts —— H@NNLOPS (5FS) | Fid. cuts —— He@NNLOPS (5FS)
1.5 Lo H@NNLOPS (5FS) no g—bb- B e H@NNLOPS (5FS) no g—bb . .
| U The 100% uncertainty assigned
2 S J— to the ggF H + bb background
= 1.0 =z 10
g | H by the HH searches is probably
b b
05 s S adequate.
0.0l 2%l S L S 0 - . R P P TP vrrrrrrrrrrerPrrT
0 50 100 150 200 0 1 2 3 4
mpp [GeV ] N(light jet)
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Impact of new bbH modeling for HH searches

Question: what is the impact of the new bbH modeling from the bbH @ NLO (4FS) + PS for the HH searches?

» We have propagated the new bbH rates and uncertainties to two HH searches in the bbyy and bo Tt channels.

1. rates ~ 0.5 x ggF NNLOPS (5FS) rates.
» Rates of the bbH background from the two analyses =~ halved.

2. 100% uncertainty on ggF + bb bkg. replaced with scale uncertainties
for in fid. region (= 50%)

» Uncertainty on the bbH background = halved!

Impact of rates and uncertainties from bbH @ NLO + PS (4FS) on the
upper limits on HH production & HH discovery significance.

HH—- bbyy HH—-bbTtT
Run 2 2% 5%
HL-LHC projection 10% 20%

| Larger improvement for HH—=>bbrT, because the analysis is less statistically
limited and because of the larger contribution of the bbH background.

ICHEP 2024 bbH as a background for HH

» Using full Run 2 ATLAS analyses as representative cases (= Phys. Rev. D 106 (2022) 052001 and JHEP 07 (2023) 040).

Positive impact on upper
imits on HH production &
HH discovery significance.

Subtlety:

- The ggF NNLOPS (5FS) sample is also
used to estimate the bkg. from single
Higgs + jets, where light or c-jets are
mistagged as b-jets.

- The new bbH @ NLO does not cover this!

- For this exercise, we only rescaled the
true b-jet contribution (= 80% of the
ggF NNLOPS estimation).
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001
https://link.springer.com/article/10.1007/JHEP07(2023)040

Summary

® Single Higgs boson production + bb (bbH) is an irreducible background for the most sensitive HH searches ( = all
involving at least one H—bb decay).

» Current predictions adopted by ATLAS rely on the inclusive ggF NNLOPS (5FS) sample, and assign a 100% uncertainty.

® \We studied the in a fiducial region targeting the HH phase space.

» - Simulated both the y,2 and the y;2 contributions using MadGraph5_aMC@NLDO.
- Large NLO corrections (especially for the y:? case).

- Still sizable scale uncertainties @ NLO, especially for the y:2 contribution (= +58%_349,).

® \We compared the with the current ggF NNLOPS (5FS) sample.

The rates from the ggF NNLOPS (5FS) prediction appear to be largely influenced by the (= probably
acting outside of its validity range!).

® \e estimated the impact of the to HH searches (using HH—bbyy and HH—=bb1T analyses
as representative cases).

» - Propagating lower rates and smaller uncertainties.

- 2% - 20% improvement on upper limits on HH cross-section / HH discovery significance, depending on the HH channel and
the luminosity.

ICHEP 2024 bbH as a background for HH 12
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The bbH background for HH searches

The most sensitive HH channels all involve the H—bb decay.

» Single Higgs boson production + bb (= bbH ) is an irreducible bkg. for all these searches!

ATLAS Run 2 HH- bbyy search (JHEP 01

(2024) 066)

High Mass | High Mass 2 High Mass3 Low Mass1 Low Mass2 Low Mass3 Low Mass 4
4 ) : 0.03 0.021 0.10 0.007 0.004 0.004 0.004
O(q 52 yb) O(q S Yt SM HH(xa = 1) signal 02675,  0.194%50; 08455,  0.048T55 0038550  0.039%500  0-032%( 004
0.03 0.021 0.10 0.007 0.004 0.004 0.004
ggk 0.25%5 04 0188753, 0.81%5 14 0.046%5 005 0-036%5506  0.037Z5506  0-025%504
_ — -3 0.6 0.5 4 0.28 0.16 0.21 0.6
g < A A VBF [1073] 7.9%0.6 5.3405 29+ 1.98%028 1 71%006 19602l 74406
: : +0.4 +0.25 +0.8 +1.2 +0.7 +0.7 +0.4
Alternative HH (x, = 10) signal 2.57,55 1.81735, 6.27,% 5.0757% 3.8755 3.770 6 3.67,7%
0.4 0.25 0.8 1.0 0.7 0.7 0.34
ggk 23555 L6475 4.9%5% 4708 3.6 3.3555 2.04%55
0.019 0.019 0.15 0.20 0.23 0.10 0.17
b VBF 0.231% ;7 0.170%5 017 12975 14 028757 0.23%57 0.36% 08 L5755 56
: _ 2 o 0.04 0.05 0.7 0.04 0.06 0.023 0.04
yb . _______ H Alternative VBF HH (kay = 3) signal ~ 0.23*>0) 0.20*20 3.870% 0.03*205 0.03*50  0.048*700% 01704
Single Higgs boson background 1.5’:%'.53 0.48’:(())'.211) 0.57“5())'_2131 1.72“:(())'.31!) 0.53“:(())'.(())% 0.29’:(())'};47 0. 16’:(())'.(0)%
0.5 0.21 0.25 0.31 0.08 0.13 0.06
ggk 0.5%57 0.14%5709 0.25%57% 0.29%575 0.08%5 04 0.0755 66 0.045 63
- 0.034 0.009 0.008 0.09 0.029 0.012 0.005
ttH 030255555 0.069%5 506 0.063%5 5 0.77%50s  0.214%50556  0.10055015  0.048% 00
0.06 0.020 0.035 0.05 0.028 0.033 0.010
g > b g ZH 0.61%05 0.174%50616  0-188%55% 0.49%50s  0.149%505  0.069%5553  0.028%5 0
\QQW 0.08 0.030 0.04 0.030 0.016 0.007 0.008
\ H Rest 0.17%5 04 0.089%5 516 0.07%5.0 0.181%5519  0.089%5509  0.046%00,  0.039%5 50
\ - 1.5 0.8 0.8 2.9 1.5 0.9 0.5
TO 4 rk |OO | Continuum background 11.37% 3.275% 2.8%,% 37.2*55 10.8% % 4.470 1175
P9 P: Total background 12.871¢ 3.7H0% 3.470% 38.9*5% 11.3%12 4.749% 1.379
Data 12 4 | 29 8 5 4

» The

» Example of ATLAS Run 2 HH— bbyy search:

is not negligible w.r.t. the SM HH signal!

signal in most sensitive analysis categories (= High Mass 3 and Low Mass 4).

ICHEP 2024 bbH as a background for HH

comparable with SM HH

15


https://link.springer.com/article/10.1007/JHEP01(2024)066

Differential distributions

pp — bbH, H — ~v, LHC 13 TeV, NLO+PS pp — bbH, H — v, LHC 13 TeV, NLO+PS

10y e Fid. cuts 10°- e e H;ﬂi The shape difference between
z ] :'==‘=':‘—|;: — 7 =T —_ the yp2 contribution and the y;?
£10-1 - =1 £1071 5 T contribution for pt(H) and
g U PYS 2 v, PYS T pt1(b1) confirms that the y;?
b Yt | | & 1 Yi s 11— . .

N .8 - 10724 T U 8 — contribution favors harder
107 5 . 5 b L .
_ ' - ' ' ' - ' ' | - ' ' ! - - spectra for the Higgs boson

1.5-E Y7, lLR,F Var. -~+ LO/NLO+PY8 1.5-E Y7, LR,F Var. ~ =+ LO/NLO+PY8 and bottom quarks.

1.0 1.0 3

059 IR 11 U N S

1.9 yi, pr F var —==- LO/NLO+PY8 1.5 y?, pugr F var. - ——- LO/NLO+PY8

1.0 ——t———+ — 1.0 — —

0.5 - o mmmm e T e T e —— 0.5 - o o . -- T o
00 00 5
>~ > 1.25
2 9
E E
o0 Q0
> -
A A
~ ~
2 2

0 25 50 75 100 125 150 175 200 40 60 80 100 120 140
pr(H) [GeV] pr(b1) [GeV]
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The bbH process @ NLO

The (fiducial) rates for the bbH process was computed @ NLO in the 4-flavor scheme (4FS), using MadGraph5_aMC@NLO.
» - Including the «y,,? and the «y:2 contributions and the interference («y.yx). \—' Massive bottom quarks.

- Heavy top approximation (HTL) adopted for the NLO corrections to the y:?2 component.

\_' Veritied to be reliable from a comparison @ LO.
b-jet pair mass | BI-HEFT pp— Hbb 13 TeV

=2 bjets Vi+YiYp+ Yo NLO — ]
y2 NLO = .
y2NLO ==
10 ;
T
!
=
0
— @)
() =
Q. =
© 10 - %
- (UI
]<
| &
&
1
(]
=
-4 EnEnnnEsl -
101 il SE—— . . . .
- sk e ] =P The relative contribution of the interference
- 0ot T («yLy:) corresponds to 1 - y.,2 - y2.
& 041 R _:
i B . | | | ;
0 100 200 300 400 500

M(bb) [GeV]
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The bbH process @ NLO + PS (4FS) in the phase space of HH—bbyy

We present a simulation of bbH process @ NLO + matching to parton shower (PS) + dedicated JHEP 09 (2023) 179
analysis targeting the HH phase space! =P Using the HH—bbyy search as a representative case.

Cut Contr. Run LO ‘ NLO dprr 0Qsn l\gyNzLI?(l;)S siI;II:Ial
PR <o Fiducial cross-sections (before cuts and in mz,2," categories)
HW7 561 851 o
o e S G e The bb uated also before the fiducial d in th
No cut 2 PYSA 1505 0 - | 821 The H rates were evaluated also betore the fiducial cuts, and in three
HW7 655 1578 T ||| 2140 : . . .
PYS 1217 2414 2% % categories, based on cuts on the may2,"* variable (on top of the fiducial
sum =~ PY8-A 2443 0%
e e selection).
2 PY8A ws _fig%
HW7 259 4.08 e *
. PYS 824 181 3% f;ffc- 299 e » r M2b2y < 500 GeV, and
1d. cuts yi  PY&A 19.2 i || | gt :
HW7 6.83 16.6 igf%; 17.2
PY8 114 223 3% 0%
sum  PY8-A 23.9 e o : -
HW? 942 207 i ® The bbH cross-section changes substantially depending on the cuts!
i PYSA  4e0 0 . :
HWT 256 402 Bl g . ) - After applying the , the bbH cross-section drops of a factor ~100!
Fid. cuts PY8 5.33  12.3 tgg?: J—rééo
. 2 . +2% = 15.7 . . . . .
+mig, <0GV % | PYEA 128 i grt% - In the fiducial region, the bbH background rate is comparable with the SM
: : —5% .
B BA16S Dl o HH signal, and becomes dominant in the
: —-1%
_ e HW7 686 153 e
DY 8 : 060 Tiew  Lin
v  PY8-A 4.11 e
8% . . . .
| T2 e | 1 ® The relative contributions of the y,2 and y:2 components changes with the cuts.
Fid. cuts PY8 232 578 Thg Loy 984
+ My, <350CeV | % PY8A 6.05 Ton || gt | = . . : . : : .
, HW7 188 543 j?»% 6.82 » The yu? contribution is subleading w.r.t y:2 in all categories, except in the
PY8 503 943 1% t12% . . . .
sum | PYS.A 02 0 . where the two contributions are similar.
HW7 410 RQ7 +f_5%
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The bbH process: the state of the art
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