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l Vector boson associated nggs (VH) production

B Physics motivation of Higgs precise measurement

» Search the deviation from the SM by:

- Coupling constant of Higgs
- Fiducial differential cross-section

m Difficulty of VH measurement

» Low VH cross-section X branching ratio
- H = bb channel earns enough statistic

- Need to constrain huge background

B Thanks to LHC’s huge statistic, able to challenge other channels

- Other Higgs decays (eg. WW, 11, cc ...)
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cross-section fraction :

~87 %

~7 % ~4 %

~1 % ~0.05 %

m Key of VH analysis to measure properties with higher precision

= Improving particle identification performance
=» Better constraint on background

[ Nature volume 607, pages 52-59 (2022)]
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https://www.nature.com/articles/s41586-022-04893-w

B VH analyses overview with full Run2 in ATLAS

m |dentification framework upgraded: b-jet, c-jet, T ID, etc... 77
m 1st VH measurements performed with full Run2 dataset 2.6%
> Integrated luminosity: 140 fb!, Centre of mass: 13 TeV CC
0,
B Some 2nd updated analyses also performed 2.9%
exploiting improved analysis techniques for better precision Et3<y
m All major Higgs decays in VH production are analysed e’
B All results are consistent with SM prediction within their uncertainties [arXiv:1610.07922v2]
< VH analyses > very new and interesting analyses
ATLAS Run?2 ke Data (Total uncertainty)  EZ] Syst. uncertainty [P sM prediction
2nd V(Iep) ,H(bb/CC) : ATLAS'CONF'2024'010 " T T LI T T T T _|5 ':@L 1|° T 1 1
Ist V(had) ,H(bb) : Phys.Rev. Lett. 132 (2024) 131802 ;H 1% »%« H-B— *!* —
2nd V(lep/had),H(WW) : ATLAS-CONF-2022-067 I b & 4 +
Ist \/(lep) H(tr) : Phys. Lett. B 855 (2024) 138817 el T - o .
2nd V(had)  ,H(to) : arXiv:2407.16320 wi| e »%‘ le o | e
Ist V(lep/had),H(ZZ) : Eur. Phys. J. C 80 (2020) 957 i : %‘ S S FE(')_' _
1st V(lep/had),H(yy)  : JHEP 07 (2023) 088 b ww i 2z ry w_
p YY [ Nature volume 607, pages 52—59 (2022)] ¢ x B normalized to SM prediction

Ist V(Iep) ,H(uu) : Phys. Lett. B 812 (2021) 135980
* 1st : The first publication for the mode with full Run2, 2nd :The second publication for the mode with full Run2 @
3 /17
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https://arxiv.org/abs/1610.07922v2
https://www.nature.com/articles/s41586-022-04893-w
http://cds.cern.ch/record/2905263
https://link.aps.org/doi/10.1103/PhysRevLett.132.131802
https://cds.cern.ch/record/2842519
https://www.sciencedirect.com/science/article/pii/S0370269324003757?via=ihub
https://arxiv.org/abs/2407.16320
https://link.springer.com/article/10.1140/epjc/s10052-020-8227-9
https://link.springer.com/article/10.1007/JHEP07(2023)088
https://doi.org/10.1016/j.physletb.2020.135980

ATLAS

EXPERIMENT

Candidate Event:
pp— H(-bb) + W(- )
un: 33871 vent: 335908183

017-10-19 23:31:18 CEST

VH,H->bb/cc

Very latest V(lep)H->hadron analysis
in ATLAS

ATLAS Experiment © 2018 CERN
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l What’s new in VH, H>bb/cc analysis?

B Analysis strategy and techniques
> Combined fit with VH,H->bb and VH,H->cc
- Better constraint on background events with CRs in VH,H->cc
» New flavour tagging algorithm
- Better tagging performance for hadronic final states
» Final discriminant MVA: Re-optimize in resolved VH,H>bb
and first apply in VH,H->cc, boosted VH,H->bb
W Results
> Updated precise measurement of signal strength (pb2, ugs,) from previous result *1*2

> Differential cross-section measurement for VH production

- Updated result from previous result *! gineasured y pmeasured
VH
/O'VHXB

H-bb
.uVH = SM

H-bb

*1 ATLAS-CONF-2021-051
*2 Eur. Phys. J. C 82 (2022) 71
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- New result with new additional split bins



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-051/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-12/

Bl Analysis strategy

Fit all regions (59 SRs, 97 CRs) simultaneously
VH, H>cc

Flavour
tagging

>

Leptonic Leptonic decay :
}decay Z > vv (O-lepton)

c-tag W W > v (1-lepton)

Z > 1l (2-lepton)

’ *|=e,u(tin 1-lepton)

VH, H=>bb resolved [ATLAS-CONE-2021-051] | VH, H->bb boosted

Leptonic Leptonic

b-tag b b
| H < I H <
q 5 q B

[ [

>

75 GeV 400 GeV ptVv
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-051/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-12/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-52/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-51/

Ml Flavour tagging

m Updated the flavour tagging algorithm (MV2c - DL1r)

» Deep neural network to tag b-, c-, light-jets using b-, c-jet kinematic features as training inputs

B b-tag working point (WP) and c-tag WP
are obtained orthogonally

Heavy-flavour-jet feature

b-tag, c-tag WPs

c-tag
score

Secondary
vertex

oompact - 45% c-jet
arameter S efficiency
(do) //' II
%
4 /
II
do / P 0
rimary vertex : . -
/ Y 70% b-jet efficiency b-tag
score
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[Eur. Phys. J. C (2023) 83:681]



https://link.springer.com/article/10.1140/epjc/s10052-023-11699-1

l Inclusive result of VH,H->bb Al lots [ATLAS-CONF-202¢.010

m Fitted signal and background get good closure with data

B Uncertainty of signal strength estimation (VH,H>bb) ~15 %

> Improved ~14 % from previous analysis [ATLAS-CONF-2021-051]

To]
. : @ 10" o -e-Data
m WH,H->bb observed first time 2 | rof ATEHAS Preliminary B VH, H — bb (1=0.91)
£ Vs =13 TeV, 140 fb™ B Z+jets
¢ 10°E" All BB-tag SRs B Waets
LU 108 [ t, s+t chan
Top(boosted)
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L L L B L B L BN B 106 £ Top(bb)
o _ B S f Multijet
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10
M Hobh|  m—e—p— 087 22 (32,212)/4,9(5.7)0 1
............................................................ :c-g‘
T +0. +0. +0. LD/
Comb. VH H-BB|  =—e—= 091 9 (22,47)| 7.4(8.0)0 N
R R R B R | . o
06 08 1 12 14 16 1.8 2 22 85 8 25 -2 15 A ‘O'5IO ?S/B)
oo 9
VH

30 Sep. 2024 & /17

¥ Aoto Tanaka (U-Tokyo) LHC Days in Split



http://cds.cern.ch/record/2905263
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-051/

l Inclusive result of VH,H->cc Al lots [ATLAS-CONF-202¢.010

m Fitted signal and background get good closure with data

B VH,H->cc observed (expected) limits at 95 % CL: 11.2 (10.4) x SM
> Improved x 3 from previous analysis [Eur. Phys. J. C 82 (2022) 717]

B As cross-check of this analysis, VZ,Z->cc first observed; 5.20

o
™
! —eo— Data
o .
e ATLAS Prellmlna1ry B Z+mtl
£ Vs =13 TeV, 140 fb~ B Z+ht
. o All C_.C+CN-tag SRs [0 W+mfAf
ATLAS Preliminary - o T B W-hi
{s=13 TeV, 140 fo' =20 Top(ba/qq)
o — Observed Multijet
VH, H — bb/ct ---- Expected 'u o
¥ Diboson
0 lepton I VH,H— cE(u=1 .0)
Exp.= 17x SM Il VH, H — bb (u=0.91)
Obs.= 14 x SM
1 lepton
Exp.=17x SM
Obs.=20x SM
2 lepton
Exp.= 18 x SM
Obs.= 22x SM
Combination
Exp.= 10x SM

Obs.=11x SM



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-12/
http://cds.cern.ch/record/2905263

l Fiducial differential cross-section measurement

B Since enough statistic available in V(lep)H,H->bb,

fiducial differential cross-section measurement also performed

B Simplified Template Cross-Section (STXS) framework

- Divide phase space into simplified “bins”
- STXS bins defined by whole LHC group

- Minimize theoretical dependency

- Maximize BSM sensitivity

- Combine ATLAS and CMS results to verify theory models

H pTV bin

- BSM sensitivity in High ptY region after SMEFT interpretation

B SR nJet bin

- Reduce QCD scale’s huge variation

¥ Aoto Tanaka (U-Tokyo)
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ISR jets

VH = V(— leptons)H

-------------------

___________________

...................

O-jet 1-jet > 2-jet

30 Sep. 2024

O-jet 1-jet > 2-jet

ISR nJets

O-jet 1-jet > 2-jet
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m Added new bin; WH, 75<p7*<150 GeV
B New split in high pr region; pr > 600 GeV

B Good agreement with SM prediction

Updated STXS result (only split in ptV)

B Uncertainty of observed cross-section in major bins: ~30 - ~80 %
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PtV spectrum cross-section plot
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-051/
http://cds.cern.ch/record/2905263

Bl New STXS result (split in p;V x nJet)

Good agreement with SM prediction
Uncertainty of ZH, nJ = O bins: ~50 %

with enough statistic

¥ Aoto Tanaka (U-Tokyo)

New split with number of additional jets (nJets)

The statistics of ZH is enough to split with nJets

Uncertainty of ZH, nJ = 1 bins: ~60 - ~400 %

In the future, STXS bin in WH will split with nJets

Ratio to SM

LHC Days in Split
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http://cds.cern.ch/record/2905263

| atest results of
the other VH measurements

Thanks to
- Improved particle identification framework in the ATLAS
- (For rare decays’ analyses) LHC’s huge statistic

30 Sep. 2024 13 ;17 &% i)
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Bl Analyses of other channels

m V(had)H, H> bb analysis [Phys. Rev. Lett. 132 (2024) 131802]

bb _ +1.02 (10.63 +0.80
g = 1.39 Z5gsg (—0.63) stat. (—0.61) syst.

» Measured signal strength is consistent with SM prediction

» Systematic uncertainty is dominant
- Major uncertainties: b-tag scale factor, data-driven multi-jet estimation

- More chance for precise measurement in boosted all-hadronic phase space

B V(lep/had)H, H>WW analysis [ATLAS-CONF-2022-067]

Www _ +025 (+0.21 +0.13
Wy = 092553 (—O.ZO)Smt' (_0_11)Syst.

> Combined V(leptonic decay)*! and V(hadronic decay) analyses

» Measured signal strength is consistent with SM prediction

» Statistical uncertainty is dominant

*1 Phys. Lett. B 798 (2019) 134949
¥ Aoto Tanaka (U-Tokyo) LHC Days in Split 30 Sep. 2024 14 /47



https://link.aps.org/doi/10.1103/PhysRevLett.132.131802
https://cds.cern.ch/record/2842519
https://www.sciencedirect.com/science/article/pii/S0370269319306719?via%3Dihub

Bl Analyses relating to H>tt

B Hadronic tau (t,,4) identification upgraded from BDT-based to RNN-based

> New framework, widely used in th,4-related analyses in the ATLAS

m V(lep)H, H> tt analysis [Phys. Lett. B 855 (2024) 138817 ]

uot = 1.28 1332 (tg;g) stat. (tg;i) syst.

» Measured signal strength is consistent with SM prediction

» Statistical uncertainty is dominant

Fake t, ., rejection
—
o
w
|

B V(had)H, H>tt analysis [arXiv:2407.16320]

E —— RNN (1-prong)

Lo BDT (1-prong)
+0.63 + O . 5 3 + O . 3 5 e  Working points (1-prong)
Uy = 0.91 585 ( )stat.( Syst. 10=
—0.51 —0.33 L oot
» Measured signal strength is consistent with SM prediction R o
10 0.1 0.2 03 04 05 06 07 08 09 1
> Statistical uncertainty is dominant True 7., efficiency

[ATL-PHYS-PUB-2019-033]
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https://cds.cern.ch/record/2688062/files/ATL-PHYS-PUB-2019-033.pdf
https://www.sciencedirect.com/science/article/pii/S0370269324003757?via=ihub
https://arxiv.org/abs/2407.16320

M Recap of full Run2 VH measurement results

Inclusive 1 Observed
VH Analyses Signal strength (1) | Significance References
|
ubl = 0.9131¢ i 740
2Znd V(Iep) ,H(bb/cc) cc — 1.0 t54 ! (95% CL upper Iimit) ATLAS-CONF-2024-010
Hyn = L.V _52 : 11.3 xSM
________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ |
Ist V(had) H(bb) ubl = 1.39 1192 | 1.7 0 Phys. Rev. Lett. 132 (2024) 131802
|
O,
2nd  V(lep/had),H(WW) py = 0.92 925 | 4.6 0 ATLAS-CONF-2022-067
|
________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ Y
Ist V(lep) JH(tT) uvy = 1.28 7532 i 4.2 0 Phys. Lett. B 855 (2024) 138817
________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ T AT
2nd  V(had) ,H(tT) pyy = 0.91 15:83 i (Not published) | arXiv:2407.16320
................................................................................................................................................................................................................................................ I
1st  V(lep/had),H(ZZ) péé = 1.43 116 : (Not published) | Eur. Phys. J. C 80 (2020) 957
R h—— R i ..
Hwhu = 1.5 %53 | .
Ist V(lep/had),H(yy) Yy _ i + (Not published) | JHEP 07 (2023) 088
__________________________________________________________________________________________________________________________________________________________ Hzg = —0.2 o5
TITR +3.5 ! (1.2 0)
Ist  V(lep) JH(up) uhr = 5.0 %32 | combined H production) | PTIYS: Lett. B 812 (2021) 135980

* 1st : The first publication for the mode with full Run2, 2nd :The second publication for the mode with full Run2
¥ Aoto Tanaka (U-Tokyo) LHC Days in Split 30 Sep. 2024 1Q /17



http://cds.cern.ch/record/2905263
https://link.aps.org/doi/10.1103/PhysRevLett.132.131802
https://cds.cern.ch/record/2842519
https://www.sciencedirect.com/science/article/pii/S0370269324003757?via=ihub
https://arxiv.org/abs/2407.16320
https://link.springer.com/article/10.1140/epjc/s10052-020-8227-9
https://link.springer.com/article/10.1007/JHEP07(2023)088
https://doi.org/10.1016/j.physletb.2020.135980

l Conclusion

B Latest and wonderful results for VH production measurement are available
with full Run2 dataset with the ATLAS experiment

» Thanks to LHC’s huge statistic and updated particle identification used in the ATLAS

B All results are consistent with SM prediction
H->bb : Systematic uncertainty dominant; New analysis technique demanded

Other decays : Statistic limited; Looking forward to seeing results with Run3 dataset !!

ATLAS

EXPERIMENT

W(lep)H,H->bb V(had)H,H>2u2e W(lep)H,H->bb boosted

¥ Aoto Tanaka (U-Tokyo) LHC Days in Split 30 Sep. 2024 1 [ 117
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https://www.flickr.com/people/44124348109@N01
https://www.flickr.com/photos/jurvetson/48482399717/
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B V(lep/had)H, H>WW analysis - strategy

- 4 channels to target different signal signature (Total 8 regions)

- MV is used in all regions [ATLAS-CONF-2022-067]

[VH opposite-sign 2L]
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https://cds.cern.ch/record/2842519
https://www.sciencedirect.com/science/article/pii/S0370269319306719?via%3Dihub

M V(lep/had)H, H>WW analysis - results

[ATLAS-CONF-2022-067]

- Statistical uncertainty is dominant in all POls

- Inclusive (VH) signal strength is consistent with SM prediction within its uncertainty

ATLAS Preliminary ted Total o 18 ] 1
Vs=13TeV, 139 fb™ [ Statistical Unc. % 16 ATLAS Preliminary === Combined 1-POI |
VH, H - WW* ] Systematic Unc. ol \{g =13 TeV, 139 fb'1 — 2¢ DFOS

| SM Prediction Significance 14 vl H - Wi -- 2/ SS —

Total ( Stat., Syst.) SM Unc.

" =] 045 "0 (0%, o1 ) +0.03 1.5(3.3)o
" [ 164 C0% (155, 0% = 0.05 4.6(3.1)o
Vi w 0.92 8% (0%, 2% ) | o 4.6(4.7)o

0% BR, _ yyy/(0x BRy _ )y,

“sm
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https://cds.cern.ch/record/2842519

l V(lep)H, H>1tt analysis o IATLPHYSPUB-2019:033)
:‘% - ! \ ATLAS Simulation Prellmlnary ;
gg 103§— =

- Thag Identification upgraded from BDT-based to RNN-based S0
S i i T (= E
- Fit simultaneously in 4 regions (ZH, WH) X (ThagThads TiepThad) - e
. . . . . | e Working points (1-prong)
- Neural Network used for final discriminant variable PF o
= Working points (3-prong)
004702 03 04 05 06 07 08 09 1
. . . True T, _, . efficiency
- Fitted signal and background get good agreement with data
- Statistical uncertainty is still dominant & eofamas om0 & Famas T Foae T
P C Vs=13TeV, 140 fo" Bl VH H o ] > 300 {s=13Tev, 140 o B VH, H > o i
OCJ C WH, H%Tr!ad‘:had WY ] g - WH H*)‘[Ieprhad v &
[Phys. Lett. B 855 (2024) 138817] I Yot e B P Sl = vt
UL B L DL DL DAL DL B C 7] Uncertainty ] C V7 Uncertainty 1
ATLAS ls=13TeV, 140fb1 40— . 200 3
—Total — Stat. VH,H—> 1t E + E v E
30— 7 150 -
Tot. (Stat. Syst.) 2 . 7 ;
. - 100 % (34 A%, B 1 E
Significance ; 50 E
WH r—e—- 1.48 tg:g ng; i8§17) -
_____________________________________________________________________ -
Comb.| oo 2 089 4.2(3.6)0 £ 4+, e TS o
I TR R S R S S A 8 o5t ey 5 08r
u:/TH 0O 01 02 03 04 05 06 07 08 09 1 0O 01 02 03 04 05 06 07 08 09 1

NN score NN score
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https://cds.cern.ch/record/2688062/files/ATL-PHYS-PUB-2019-033.pdf
https://www.sciencedirect.com/science/article/pii/S0370269324003757?via=ihub

V(had)H, H>tt analysis

This analysis focused on the STXS measurement in ggF, VBF production, which have enough statistic

VH results

- No big update from previous analysis [JHEP 08 (2022) 175]

- Statistical uncertainty is dominant

[arXIV 2407 16320]

ATLAS H—>'c1: \{_ —13TeV 140fb‘

—Tot. lSyst. “Theory p-value =99%
Production mode VH Tot. (Stat. Syst.)
Best-fit value 0.91 $ 0.94 *032 ( +0.15 4028 )
Total uncertainty +0.62 99F el 01 02
Statistical uncertainty +0.52 0.91 *% ( *053 4035 )
f—-xc—] . -0.60 -051  -0.33
Total systematic uncertainty +0.34 VH
Samples size +0.25 VBE I-O*-I 0.93 igg ( tg 1? ig.}g )
Theoretical uncertainty in signal +0.13 ' '
Jetand EJ™ +0.11 : 0.77 o ( +0.87 4052 )
Hadronic 7-lepton decays +0.04 ttH = ) -0.92 -0.77 -0.50
Misidentified 7-lepton background +0.11  peemssesssseseeeseeeeseeoennn o oy T
Luminosity +0.02 Combined ﬁ 093 537 (oo 009 )
Theoretical uncertainty in top-quark processes =+0.02 [T RN [ R
Theoretical uncertainty in Z + jets processes  +0.02 0 1 2 3 4 5
Flavour tagging +0.01 meas
Electrons and muons +0.02 (0xB) / (GXB

¥ Aoto Tanaka (U-Tokyo)
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https://arxiv.org/abs/2201.08269
https://arxiv.org/abs/2407.16320

VH, H>bb/cc

* V(lep)H(bb/cc) shown in the ICHEP 2024 by Francesco
* V(had)H(bb) shown in the Higgs Hunting 2023 by Andrea
LHC Days in Split 30 Sep. 2024 24
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https://indico.ijclab.in2p3.fr/event/9063/timetable/?view=standard
https://indico.cern.ch/event/1291157/contributions/5876813/

Lsmerr = Lsm + Z AD_4Q(D),

Wilson coefficient Operator Impacted vertex
Production Decay
CHWB QuwB = HTTIHW,I,VB“" HZZ
cHW Quw = H HW! Wi HZZ,HWW
o QY = (H'DLH)(g,7'v* ZH, qq'WH
CHg 1g = H'ID,H)(qpT v"qr) q9ZH,qq
>
iy Qy;) = (H'iD,H)(Gp"qr) 99ZH
CHu Quu = (H'iDH) (ipy"uy) qqZH
cHa Qua = (H'iDH)(dpy"dy) q9ZH
CdH Qan = (H'H)(4dH) Hbb
Wilson coefficient Eigenvalue Eigenvector
CEo 2000 0.98 iy
CE1 38 0.85 - cpu = 0.39 - cfy) =027 ca
CE?2 8.3 0.70 - ABR/BRSM +0.62 - CHW
CE3 0.2 0.74 - cawp +0.53 - ¢y —0.32 - caw
CE4 64-10  0.65- cry —0.60 - ABR/BRgy +0.35 - ci

¥ Aoto Tanaka (U-Tokyo)
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Profit of STXS measurement

[Eur. Phys. J. C 81 (2021) 178]
E_ ATLAS Data best-fit +1o 1o j
E (5=13TeV, 139 fb" c,, =000  —0.03 ---002 ]
E VH,H—>bb,A=1TeV Cg, = 0.06 —022 ---010
- 1 -
S s—— | :
e 1 .".".".".".".';".".".';';"."._5
C ! =
- ] -
3 Databestfit +1c  -1c ]
: C,=-010 —025 ---044 ]
; Cg; =0.70 —2.77 ---136
L 1 —]

--------------- ’-_ -_ -_ -_-_ -_ -, -, -_ -_ -_ -_ -_ -. -_ .—- - - —- - - - - - - - - - - - -
]

" "o K AN e Sp2t # <p2 " :’A:?

Sp 2 ” D=t 5

L] ,"95 %) Gey, r< 750 r <o OGe[,
0 Ge % Ge Ge %
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-51/

ll Main background events

0,1,2-lepton 0,1-lepton

0,1,2-lepton 0,2-lepton

s-channel t-channel

b t g wi ‘ q 7 g Z
q t
w 7
e = q q
X v q q/ b W~
g q q g
Diboson (VZ) 0,1,2-lepton
q Z
q wt
. ( v/Z
q /
: q W~
q Z

' Z->bb, Mbb=~90 GeV
¥ Aoto Tanaka (U-Tokyo) LHC Days in Split 30 Sep. 2024 20




ll Event categorization

c-tag score

c-tight (Ct)

b-tag score

b-jet: 4.8% B
c-jet: 24% A
95% light-jet: 0.9%
c-efficiency c-loose (Cp,) b-60-70% b-60%
b-jet: 12% b-jet: 11% b-jet: 58%
c-jet: 21% c-jet: 5.2% c-jet: 2.7%
light-jet: 6.5% light-jet: 0.13% light-jet: 0.05%
45%
c-efficiency Untagged (N)
b-jet: 15%
c-jet: 48%
light-jet: 92%
70% 60%
b-efficiency b-efficiency

c High AR CR
25
1.5
L
0.5 LI ]

250

[ATLAS-CONF-2024-010]
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ATLAS Simulation Preliminary

Vs =13 TeV, 140 o’
1-lepton, 2 jets, BB-tag

WH — Ivbb

300 350 400 450

500 0

Vv
p! [GeV]

b-tagged

c-tight

c-loose

Higgs candidate jet 2

untagged

Higgs candidate jet 1

Channel | Region | BB | CiN | €zCp | CrCr | BCr | CuN

| High-AR CR | o, @ty | -

0-lepton ‘ BCrTop CR ‘ — ‘ M1 js

‘ V+IifCR ‘ — ‘ Norm. Only

| Low-AR CR | BDTy oy arcr | -

\ High-AR CR \ e \ m

1-lepton

‘ BC+Top CR ‘ — ‘ m

| V+ifcR | — | nr

| High-AR CR | pr | o, | —

2-lepton ‘ Top e CR ‘ = ‘ Norm. Only

| V+ifCR




l Constrain on background events

[ATLAS-CONF-2024-010]

% _I I T T T | T T T | T T T | L | L | L | T T T I I_ 51200_III|III|III|III|III|III|III|III|III|III_ % T II T 1 7T || T 1 7T I|I T Il_l.l_lDltll L |I IIIE
G psgol- ATLAS Preliminary :S:taHebB(ud)m) ] S - ATLAS Preliminary :S;taHebB(Fo.m) . 15, ATLAS Preliminary ozt 3
g - {s=13TeV, 140" [ Diboson . > L Vs=13TeV, 1401 [ Diboson - 8 10° Vs =13 TeV, 140 b B Z+mi -
- " 1 lepton, 2 jets, BC -tag - IOPEE:;qq) ] S 1000[— 1 lepton, 2 jets, BB-tag L i*‘ie(‘:q/ ) ] T 2 leptons, 2 jets, C, N-tag ﬁz‘éenaimy 3
~ - op m op(ba/qq 777 .
}Cg 20001— 150 GeV < p1'f <250 GeV I t, s+t chan | |_|>J C 150 GeV < p¥ <250 GeV [ Top(bb) ] _g p1‘f = 75 GeV 7
o T Top BC B Z+jets 7 800|— Low ARCR [ t, s+t chan ] © 0% V+light CR —
> B T Multijet i L Multijet _ = 3
| - - L 3
L Il W+hf _ Il W+hf — ]
1500— [ W+mf — = 0 Wemf - -
B *&jﬁz W+If ] Uncertainty ] 1 04 =]
N g —9—{777] Uncertainty I P CEORIDEES Yo " > » = 3
1000f B ] - ]
L . ]
L === _ 10:3'5_
[ e . =
2‘/4* 5e ad ] -
500— — B
—0— ] 102
+—o— |
= v e by by by by b by by by gy oo b b b e b e by by
6\11_21?,”“”‘_H_H_H_H‘H,IE 611_21EH‘‘H‘‘H‘‘m‘m‘m‘m‘m_”_”E 15T T ]
+ 116 E + 116 E + - . e
% 09‘I ;:‘_’ » _"_L+ +~¢7—¢—”“—¢—¢—+++“+“H7/Z % . 91 ; ,,,,,,,,,, (o fpsissisiss ff’//,’/,’////,#vf’//,’/,’//,’é % 1 :. o 8-0-0-0-0-0-0 ﬁ-.-%vA%_'__'_..._._..._e__.__'_v ¢_¢_+ _,_+ :
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m,; [GeV] mvaCRLow pY [GeV]
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l Detailed analysis regions

A
Flavour tagging
VH(cc)
>1 tight c-tag 2 jet 3 jet 4+ jet 2 jet 3 jet 4+ jet 2 jet 3 jet 4+ jet
Lepton flavourep |a TopepCR Top ep CR Top ep CR Top ep CR Top ep CR Top ey CR
2 jet 3 jet 4+ jet 2 jet 3 jet 4+ jet 2 jet 3 jet A+ jet
1 no tag s CR CR CR CR
1loose c-tag |- CR CR CR CR CR CR
(CLN tag)
a’ CR CR CR CR CR CR
2 jet 3 jet 4+ jet 2 jet 3 jet 4+ jet 2 jet 3 jet 4+ jet
_ SR SR SR SR
1 no c-tag © High AR CR High AR CR High AR CR High AR CR
1tightc-tag |- SR SR SR SR SR SR
(CTN tag) ~| High ARCR High AR CR High AR CR High AR CR High AR CR High AR CR
i SR SR SR SR SR SR
N High AR CR High AR CR High AR CR High AR CR High AR CR High AR CR
1 loose c-tag 2 jet 3 jet 4+ jet 2 jet 3 jet 4+ jet 2 jet 3 jet 4+ jet
; _ . SR SR SR SR
1 t('ghéc ttag) © High ARCR ' | High ARCR 1 High ARCR ' | High ARCR!
a ’ i "
ToLtag . SR SR SR SR SR SR 1 Note: CRHigh split into 1 loose c-tag + 1 tight
+ | High ARCR' | High ARCR! High ARCR ' | High ARCR! High ARCR 1 | High ARCR c-tag and 2 tight c-tag regions
2tightc-tag | | SR SR SR SR SR SR
(C1Cr tag) N} High ARCR 1 High AR CR 1 High AR CR High AR CR 1 High AR CR 1 High AR CR 1 2 44jets in 2-lepton, =4 jets everywhere else
Common top CR
. 2 jet 3 jet 4 jet 2 jet 3jet 4 jet 2 jet 3jet 4 jet
1 tight c-tag
1 b_tag 3 Top(bc) CR Top(bc) CR Top(bc) CR Top(bc) CR Top(bc) CR Top(bc) CR
(BCrtag) | |
2| Top(bc) CR Top(bc) CR Top(bc) CR Top(bc) CR Top(bc) CR Top(bc) CR
Resolved VH(bb) Boosted VH(bb)
2 jet 3 jet A(+) jet 2 2 jet 3 jet A(+) jet 2 2 jet 3jet A(+) jet 2
- - - - - - SR SR
3 SR SR SR SR SR SR a
High AR CR High AR CR High AR CR High AR CR High AR CR High AR CR Top CR Top CR
2 b-tag
Low AR CR Low AR CR Low AR CR Low AR CR Low AR CR Low AR CR SR SR
(BBtag) | SR SR SR SR SR SR 2
High AR CR High AR CR High AR CR High AR CR High AR CR High AR CR Top CR Top CR
a SR SR SR SR SR SR SR SR SR = SR SR
High AR CR High AR CR High AR CR High AR CR High AR CR High AR CR High AR CR High AR CR High AR CR
75 GeV 150 GeV 250 GeV 400 GeV 600 GeV PV
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[l MC sample list

Process ME generator ME PDF PS and UE Cross-section
Hadronisation tune order
Signal, mass set to 125 GeV and bb branching fraction to 58%
qq — VH PowHEG Boxv2 [53] + NNPDF3.0NLO )  PyTHia8.245 AZNLO NNLO(QCD)™+
GoSAM [54]+ [55] [56] [57] NLO(EW) [58,59,60,61,62,63,64]
MINLO [65,66]
99 — ZH POWHEG BOX v2 NNPDF3.0NLO )  Pyruia8.245 AZNLO NLO+
NLL [67,68,69,70,71]
Top quark, mass set to 172.5 GeV
tt PowHEG Box v2 [72] NNPDF3.0NLO PyTHia8.230  Al4 [73] NNLO+NNLL [74]
s-chan. single top POWHEG BOXv2 [75] NNPDF3.0NLO PyTHiA8.230 Al4 NLO [76]
t-chan. single top POWHEG Boxv2 [75] NNPDF3.0NLO PyTHIA8.230 Al4 NNLO [77]
Wt PowHEG Box v2 [78] NNPDF3.0NLO PyTHIA8.230 Al4 Approx. NNLO+NNLL [79]
Vector boson + jets
V+ jets SHERPA 2.2.11 NNPDF3.0NNLO SHERPA 2.2.11  Default NNLO [80]
81,82,83] 84,85]
Diboson
qq — VV SHERPA 2.2.11 NNPDF3.0NNLO  SHERPA2.2.11 Default NLO®W
g9 = VV SHERPA 2.2.2 NNPDF3.0NNLO  SHERPA2.2.2  Default NLO®
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l Jet energy correction

[ATLAS-CONF-2024-010]

> Frrr [ rrryrrrprrr [ rr T rr T T 1 T 1 T T % 02 T T T T T T T T T T T T T T T 1 1 1 1 T T ]
8 10 | ATLAS Simulation Preliminary < ] O] — ATLAS Simulation Ii’reliminary < .
ps | (s=13TeV, 140.0 fb™ P i o 0.18 fs=13Tev, 14001 P —
g | gg—ZH—lIbb _ - — 99 — ZH —llcc TAE ]
%) | 2leptons, 2 jets, BB-tag \4} _ 1%] 0.16— 2leptons, 2]ets C_C-tag e —
c 81— 150GeV = p <400 GeV ? ] c - 150 GeV < p < 400 GeV % ,* -
o - SR 1 - Q 0.14F sr =. o=
L | o0 Standard Calibration / @ ] L 0.12 - o Standard Calibration ]
6 N é lll/ltllgan-inget Co:.rection / -“\'_Q_E __ * CoA Muon-in-jet Correction ]
eco Correction Wk - ~ . - ]
— @  Kinematic Fit \\: - 0.1 © Kinematic Fit =
- FSR recovery \ . _ -0 FSR recovery .
- ] 0.08F =
4 __ o [GeV] (o ,-o)o_, '_- __ E o[GeV] (o, -0)o E
- —— e o 1 . 0.06 __ 138 0% =
. — 14 o ¥ - - — 133 4% .
—— 140 16% : O T
2 — 96 2% _ 0.04 = -
S 9.1 46% 4 e -
B — 0.02 — —
O peleglenlonlonlonlonionlonles EA h{E.‘ ~ . 11 1 | 11 1 | 11 1 | =; ‘ e gRlonlenlonlonl oo 0 ' A £ T = — 1 .

0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 1 00 120 140 1 60 1 80 200
m,, [GeV] me [GeV]
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vent migration in STXS measurement

[ATLAS-CONF-2024-010]
ATLAS Simulation Preliminary VH(— bb), Vs =13 TeV, 140 fb

g‘ WH, p"' > 600 GeV T 10104 | 7.3 T 7 0 §
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IS region

l Background fraction in every analys
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Input variables for the MVA final discriminant variable
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Bl Diboson cross-check fit results

[ATLAS-CONF-2024-010]
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¥ Aoto Tanaka (U-Tokyo)

UL I L I L L B B
ATLASPreliminary vz, z— bb/cg, /s=13 TeV, 140.0 fo"

—Total —Stat. Tot. ( Stat., Syst.)

+0.24 (+0.09 +0.22

! 1 1.00 -0.20 -0.09 » -0.18

it +0.16  (+0.06 +0.15
0.81 5y (—0.06 » 0.12

i@l +0.13  (+0.05 +0.12

0.91 % (4).05 ' -0.10

P IR ST co b by L
06 08 1 12 14 16 18 2 22

WZ, Z— ct

ZZ,7—cC

Comb. VZ, Z— cc

ATLASPreliminary vz, z— bbrcg, {s=13 TeV, 140.0 fb’'

—Total =Stat. Tot. ( Stat., Syst. )

+0.28  (+0.17 +0.22
0.71 o5 o7 —0.18)

L +0.25  (+0.13  +0.22
0.97 5 oass —0.18)

+0.48 +0.24 +0.42 )

| e o oy |
1.46 T, (o240 oa4

05 1 15 2 25 3 35 4

LHC Days in Split

cc

MVZ

30 Sep. 2024

ATLAS Preliminary
Vs =13 TeV, 140 fb

0 lepton, 2 jets, BB-tag
150 GeV = p¥ < 250 GeV
SR

Events /0.13

—e— Data
I vz, Z - bb (1=0.91)
I VZ, Z — cG (1=0.97)
Diboson background
I VH,H— bb
B Z+hf
I Z+mf
Top(ba/qq)
[I Top(bb)
[0 t, s+t chan
Il W+hf
Uncertainty

o -
T

t

LN L L L L L B L L L DL L B

—— —— ki ] Iy gy “L‘////

= e ¢ toe oo

oo :
[ R I X
s

s ad _f_q.,q,
Evoo o b b b b b v by 1y

ITETL AN

Data/(S+B)

-1 -08-06-04-02 0

02 04 06 08

1

BDT,,, output

L B B
ATLAS Preliminary
(s =13 TeV, 140 fb

0 lepton, 2 jets, CTC-tag
150 GeV = pY <250 GeV
SR

Events /0.13

102

T |||||w

—e— Data
I vz, Z - bb (1=0.91)
Il VZ, Z - cc (1=0.97)
Diboson background
I VH,H— cc
Bl Z+hf
0 Z+mf
Z+l
Il W+hf
0 W+mf
W+if
Top(bay/qa)
Uncertainty

ool b b b b b by

LN L L L L L L L L L DL L B
. A

Evoo o b b b b b b b w Ty

S
NY |

AN

Data/(S+B)

"1 -0.8 -06 -0.4 -02 0

02 04 06 0.8

1

BDT,,, output

30



ll Diboson MVA post-fit plots

[ATLAS-CONF-2024-010]
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[ATLAS-CONF-2024-010]
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B MVA Post-fit plots - Boosted VHbb

[ATLAS-CONF-2024-010]
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[l MVA Post-fit plots - VHcc

[ATLAS-CONF-2024-010]
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B VHbb mu (Comb & WH & ZH)

138 fb" (13 TeV)
CMS e  Observed

VH, H-bb

+1o (stat @ syst)

15 (Syst)

- Combined p = 1.15 2
-0.20

6.3(5.6)0

WH 1.31+£0.24 £ 0.26

ZH 1.07 £0.17 £ 0.17

0 05 1 15 2 25 3 85 4 45 5
Best-fit n

Latest CMS result
[Phys. Rev. D 109 (2024) 092011]
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Last ATLAS VH->bb resolved

[Eur. Phys. J. C 81 (2021) 178]

Last ATLAS VH->bb resolved+boosted
[ATLAS-CONF-2021-051]
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VHbb and VHcc

2
K
ATLAS-CONF-2024-010 K = . (2)
[ ] V14 BSM (2~ 1)+ BSM (k2 - 1)
where By and By™ are the H — bb and H — c¢ branching fraction prediction in the SM.

First, the direct x. constraint from the VH, H — c¢ process is extracted by setting x, = 1 in Eq. 2 and
not parameterising p{’,’}{. Constraints on k. are set using the profile-likelihood ratio test statistic and are
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B VHce mu and limit

[Phys. Rev. Lett. 131 (2023) 061801]

138 b (13 TeV)

Combined
Expected 7.60
Observed 14.4

Merged-jet
Expected 8.75
Observed 16.9

Resolved-jet

Expected 19.0
Observed 13.9

oL
Expected 12.6
Observed 18.3

1L
Expected 11.5
Observed 19.1

2L
Expected 14.3
Observed 20.4
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http://dx.doi.org/10.1103/PhysRevLett.131.061801

[l Breakdown table of u uncertainty

CMS Vbe [Phys. Rev. D 109 %224) 092011]

ATLAS

[ATLAS-CONF-2024-010]

Background (theory) +0.043 —0.043 -
. S f taint, —~ — & —
Signal (theory) +0.088 —0.059 oHiee of ey VH H—bb | WHH b ZHH b || VHH - cc
MC sample size +0.078 —0.078 gotal | 833; 8%8 8%?1) g;z
. . . tatistica . . . .
Simulation mOdellng +0.059 —0.059 Systematic 0.116 0.144 0.160 3.53
b tagging +0.050 —0.046 Statistical uncertainties
Jet energy resolution  +0.036 —0.028 Data statistical 0.089 0.129 0.137 3.70
. 2 _ tt ey control region 0.009 0.004 0.020 0.06
Int. lumanSIty +0.032 —0.027 Background floating normalisations 0.034 0.049 0.040 1.23
Jet energy scale +0.025 —0.025 Other V H floating normalisation 0.007 0.013 0.007 0.24
Lepton ident. +0.008 —0.007 Simulation samples size 0.023 | 0034 0030 || 161
Trigger (ﬁ,}niss) +0.002 —0.001 Experimental uncertainties
C M S VH Jets 0.028 0.035 0.030 1.00
CC [Phys. Rev. Lett. 131 (2023) 061801] Ex= 0.009 0.004 0.018 0.24
Leptons 0.004 0.002 0.008 0.23
Uncertaintv source A A b-jets 0.020 0.018 0.026 0.30
—_ ty 1 ( ”)toot b-tagging | c-jets 0.013 0.017 0.012 0.73
Statistical . 85% Light-flavour jets 0.006 0.009 0.008 0.67
Background normalizations 37% Pile-up 0.009 0.017 0.003 0.24
Experimental 48% Luminosity 0.006 0.007 0.006 0.08
Sizes of the simulated samples 37% Theoretical and modelling uncertainties
¢ jet identification efficiencies 23% Signal 0.073 0.066 0.112 0.56
Jet energy scale and resolution 15% Z + jets 0.039 0.017 0.079 1.76
Int ted 1 . . 6% tt and Wt 0.018 0.032 0.018 1.03
ntegrated luminosity 0 Single top quark (s-, t-ch.) 0.010 0.018 0.003 0.15
Lepton identification efficiencies 4% Diboson 0.032 0.040 0.048 0.51
Theory 22% Multi-jet 0.006 0.010 0.005 0.57
Backgrounds 17%
Slgnal 15%
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http://dx.doi.org/10.1103/PhysRevLett.131.061801

STXS measurement (Old scheme)

This analysis

Latest CMS result Last ATLAS VHbb resolved+boosted [ATLAS-CONF-2024-010]
Phys. Rev. D 109 (2024) 092011 [ ] —
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Ml STXS measurement (New Scheme

[ATLAS-CONF-2024-010]
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l Uncertainties of STXS measurement

STXS region SM prediction Measurement Stat. unc. Syst. unc. [fb]

Process p¥> " interval N [fb] [fb] [fb] Th. sig. Th. bkg. Exp.

75-150 GeV >0 | 79 .2 £+ 28 3 £ 100 41 13 88 35

150-250 GeV >0 243 £ 1.0 23 =+ 10 7 2 7 3

W(lv)H 250-400 GeV >0 5.90 £ 0.25 79 &£ 2.0 1.8 0.5 0.8 0.3

400-600 GeV >0 1.03 £ 0.05]-0.11 £ 0.54 0.46 0.05 0.24  0.09

> 600 GeV >0 020 = 001 | 026 = 0.21 0.20 0.02 0.04 0.03

>0 50.7 £ 3.9 5l &£ 32 24 8 19 11

75-150 GeV =0 299 £ 25 38 £ 22 17 4 12 6

>1 207 £ 26 6 = 25 25 6 9 3

>0 187 £ 2.3 18 £ 6.0 4.5 2.5 3.0 1.0

150-250 GeV =0 90. £ 1.3 8.0 £ 3.2 2.7 0.9 1.4 0.5

8 e >1 | 97 + 19 | 11 + 73 6.0 2.1 34 15

>0 4.15 £ 045 3.0 £ 1.5 1.3 0.5 0.5 0.2

250-400 GeV =0 1.70 £ 0.22| 131 £ 0.72 0.65 0.16 0.25 0.10

>1 245 £ 045 26 +£ 2.1 1.9 0.4 0.7 0.3

400-600 GeV >0 0.62 £ 0.05] 0.60 £ 0.40 0.37 0.07 0.12  0.08

> 600 GeV >0 0.11 + 0.01 | -0.10 =+ 0.12 0.12 0.01 0.03 0.01
[ATLAS-CONF-2024-010]
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l Significance of STXS measurement

[ATLAS-CONF-2024-010]

STXS region post-fit expected observed ~ STXS region post-fit expected observed
WH, 75 GeV < p¥' < 150 GeV 0.7 o 0.0 o WH, 75 GeV < py' < 150 GeV 0.8 o 0.0 o
WH, 150 GeV < pr' < 250 GeV 2.4 ¢ 23 0 WH, 150 GeV < p' < 250 GeV 24 o 230
WH, 250 GeV < py' < 400 GeV 320 44 o WH, 250 GeV < pt' < 400 GeV 3.2 0 440
WH, 400 GeV < py' < 600GeV 1.6 o 020 WH, 400 GeV < pi* < 600GeV 1.6 o 0.2 0
WH, py' > 600GeV 1.0 0 150  WH,p%' > 600GeV 1.0 ¢ 15 ¢
ZH, 75 GeV < py' < 150GeV 1.6 o 1.6 o ZH, 75 GeV < py' < 150GeV, 0 jet 140 1.8 ¢
ZH, 150 GeV < pp' < 250GeV 350 340 ZH, 75 GeV < py' < 150GeV, > 1 jet 0.9 o 0.3 0
ZH, 250 GeV < pp' < 400GeV 330 270 ZH, 150 GeV < p¥' < 250GeV, 0 jet 3.0 0 2.8 0
ZH, 400 GeV < py’ < 600GeV 170 170 ZH, 150 GeV < p¥' < 250GeV, > 1 jet 140 170
ZH, pr' > 600 GeV 0.8 0 -0.70 ZH, 250 GeV < p¥' < 400GeV, 0 jet 2.7 0 2.0 0

ZH, 250 GeV < p¥' < 400GeV, > 1 jet 130 1.3 0

ZH, 400 GeV < p¥' < 600GeV 1.7 0 1.7 0

ZH, pyt > 600GeV 0.8 ¢ 0.7 0
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