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Introduction to Vector Boson Fusion
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® 2nd main Higgs Boson production mode at toF E
LHC; cross section ~ 12 times less than 2 //
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gluon-gluon fusion, but cleaner 1f 2 oD S G0 et
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e Suppressed color exchange between quark 1021 i
lines give rise to: S A T IV PR TR N P T AT E
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® Little jet activity in central rapidity region /s [Tev]

® Scattered quarks — two forward tagging
jets (energetic; large rapidity gap)

® Higgs Boson decay products typically
between tagging jets
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Higgs boson decay branching ratios
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VBF Measurements

e Several type of measurements performed by ATLAS:
® Inclusive/differential cross-section measurements
® Measurement in the STXS framework
® Charge-Parity (CP) measurements

Stage 1.2 _ = VBF+V(—qq)H
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https://arxiv.org/pdf/1906.02754.pdf

VBF H— bb measurement
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® Result combined with less sensitive Expected signal strength 190034 199034
. Observed signal strength 0.99+0- 0.99%7-
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https://arxiv.org/pdf/2011.08280.pdf
https://arxiv.org/abs/2010.13651

H— 77 measurement

® VBF Higgs boson signal enhanced through
BDT using dijet system variables

¢ VBF production established with 5.3 (6.2)
o obs. (exp)

® Only inclusive VBF measurement in STXS
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https://arxiv.org/pdf/2201.08269

VBF H— 77 CP measurement

i . . — A5 ]
® Use Optimal Observable to measure CP-violating 2, ATas E
parameter d F (s=13TeV, 36.1 fb" ]
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Optimal Observable
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https://arxiv.org/pdf/2002.05315

H— ~v Incl. and STXS measurement

® Signal extracted from diphoton invariant mass
in the range [105-160] GeV

® Signal parameterised using Crystal Ball

function

® Background parameterised using an

® For STXS, most precise VBF measurement in
the Mj; > 1000 GeV and p’# < 200 GeV bin

ggF + bbH
VBF

WH

ZH

ttH

exponential of a second-order polynomial

ATLAS Vs=13 TeV, 139 fb™*
H-vyy m = 125.09 GeV |yH|<2.5
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09— H, 22-jets, m< 350, p: <120

99-H, 224ets, m, <350, 120 5 ! < 200
09-H, 227ets, m 2350, p < 200
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https://arxiv.org/abs/2207.00348

H— ~v fiducial measurement

® Cross-section measured in the VBF-enhanced fiducial region (two jets with Mj; > 600
GeV and |Ayjj| < 3.5) 0meas = 1.8 £0.5 (stat) £ 0.3 (syst) fb in agreement with SM
prediction ogpy = 1.53 & 0.10 fb with a p-value of 64%

e Single/Double differential measurement performed for main VBF variables

]

do,,/ dag. [fb]

Ratio to data
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—_ -1
~4-Data, tot. unc. | Syst.unc. |y, gH+VH-4ttH +bbH tH = 107"t 4- Data, tot. un::. Syst.unc. |y - gHVH +{tH +bbH +tH
B
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https://arxiv.org/pdf/2202.00487

H— vy CP measurement

. o = - —
® Use Optimal Observable to measure d o %E ‘ E i
?1 70 EATLAS H +2’Z‘a bkg =
. . . . @ = . i AFUIRR
e Still no sign of CP violation ( <OO> € | lsm1sTev i : ]
) i Qg m, O[118, 132] GeV o =
compatible with 0 ) & B tTemLewt L E
~ g 50 4 Data 2 K —
® Expected (Observed) de [-0,046,0.045] S o mverew R, SUNSUUTSUUIIN N
[ E I Total bkg. 1 Gevi
([—0034,0057]) at 95% CL when i = R Syst. Uncer. e ™ 3
.. . Q E =
combining with H— 77 o E E
- - =
R —
- .
% 25 ATLAS -++ Exp. Comb — Obs. Comb _| S woF VBF (SM) 3
L B ~ B =
x F {s=13TeV,36-139f6" ... Exp.H .y — Obs.H vy ] Q F VBF (d=0.06) 1
o~ r ] . VBF (d=-0.06) ; ]
20 - Exp.H- 1T —Obs.H - 11 ] =
n ] fa
L ] i
15k B
10" 7
r B 68% (exp.) 95% (exp.) 68% (obs.) 95% (obs.)
Si E d (inter. only) [-0.027,0.027] | [-0.055, 0.055] | [-0.011, 0.036] | [<0.032, 0.059]
os% oL 9 . d (inter+quad) | [<0.028,0.028] | [-0.061,0.060] | [-0.010, 0.040] | [<0.034, 0.071]
68% CL e e = dfrom H — 17 [-0.038, 0.036] - [-0.090, 0.035] -
0 s 0T B e ot 01 oS Combined d [-0.022,0.021] | [-0.046, 0.045] | [-0.012, 0.030] | [~0.034, 0.057]
~ Cow (inter.only) | [-048,0.48] | [-094,094] | [0.16,064] | [-0.53,1.02]
d Cow (inter+quad) | [-048,0.48] | [-095,095] | [0.15,067] | [-0.55, 1.07]
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https://arxiv.org/pdf/2208.02338.pdf

H— ZZ Incl. and STXS measurement

® Events classified using neural networks

® Final discriminant from 3 NNs : 4/
system, jets and additional event info

® STXS results using Stage 1.1 binning;
VBF results for p’# < 200 GeV bin

25 T T[T T[T T [T T T[T T[T T T[T T [ TT T[T 77T

i)

© [ ATLAS * Data

> H - 22* — 4 VEF  WZZ

w gl V5-13TeV, 139 16" I ggF+bbH | XX, VWV
115 < m, < 130 GeV W VH M Z+jets, tt

2j with NN,,, < 0.2 M ttH+tH 7 Uncertainty

15

10

i,

7

arxiv-2004.03447
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ATLAS i 1
H—ZZ* - 4l 24 ——a——

Vs=13TeV, 139 fo” o[ . ]
Production Mode - |y | <2.5 T2 TR TS
H N,
—m— Observed: Stat+Sys SM Prediction
[m] Observed: Stat-Only p-value = 91% o8] (081,11
ggF Em 1120130 117080
VBF = 110£40 92020
VH E - 3 7515 52437
ttH E 3 26°% 154710
Inclusive ] 1340+ 120 1330 + 80
. . . .
c-B/(c-B),
SM
zo[ e
ATLAS i
H— ZZ* — 4l 2y —A———
Vs=13TeV, 139 fb" we[ .
Reduced Stage 1.1 -y, | <25 T 1z 14 16 18
—&— Observed: StatsSys SM Prediction bl
| @] Observed: StatOnly ~ p-value=77% oBlt]  (B), ] |
0G2H-0j-p!-Low = = 17055 17625
992H0j-p}-High - 630+ 110 550 + 40
ag2H-1/-pLow 3 | 5080  172+25
om 17050  119+18
ag2H--pHigh Y 9% 204
022 a3 075 127827
a02H-pHigh [ S — 385 1544
qq2Hag-VH — 21+35 138°0%
q62Hag-VBF — 1503 107.6 24
aRHaa-BSM - i 0573 420+0.18
VH-Lep B 22'% 164204
tt E———3 2577 154717
L n n n " L " L "
o-Bl(c-B),
SM

11/ 21


https://arxiv.org/pdf/2004.03447.pdf

H— ZZ fiducial measurement

dold(g) [fblrac]

No VBF-enhanced fiducial region like in H— ~~, but still measuring differential

cross-sections in events with at least two jets

Double-differential measurements for observables related to the Higgs and

All measurements in agreement with SM prediction

accompanying jets
T T T
ATLAS 4 Data
iy [C_J Syst. uncertainties -
H-2z - a B MGS5 FxFx K = 1.47, +XH
10 5=13Tev, 139 0" NNLOPS K = 1.1, +XH
%444 XH = VBF+VH+ttHsbbHstH J
Total stat. O syst. uncertainty_|
—35— Fitted ZZ* Normalisation |
1 p-value MGS FxFx = 29% —|
p-value NNLOPS =55% 3
| EF . 7
107"
1072
o -]
15— I o | '] [ ] il
18
05— —
0.5 T ‘ o J
N <10 kS

i

doldm, [fb/GeV]

ATLAS
H-2ZzZ" - 4
Vs =13TeV, 139 10"

T T
+ Data
1 Syst. um:er(amﬂes
. MGS FxFx K = 1.47, +XH
ANLOUT A - 1
«  NNLOPSK=1.1,
s XH= VaF oo
Total stat. O syst. uncertainty3
—s— Fited ZZ* Normalisation  —J

p-value MGS FxFx = 40%
p-value NNLOJET = 62%
p-value NNLOPS = 48%

bind ol ol

10
g 2 =
Q ys51 [ ] —
R s | = .
= 05— - —
A ]
ER
Nea =1 120 450 3000
m, [GeV]
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o > 7 Syst. uncertainties
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s
S
© e Fited 75 Nomaliation
p-value MGS FxFx = 92
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©
s 20 1 I
S 1.5 —
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https://arxiv.org/pdf/2004.03969.pdf

H— WW Incl and STXS measurements

® Used DNN to enhance signal over background

arxiv-2207.00338

T T T
¢ VBF production established with 5.8 (6.2) ATLAS bt Tom
Vs=13TeV, 139 fb™ [ statistical Unc.
o obs (exp) H o WW* . evpy B Systematic Unc.
. I SM Prediction
® For STXS, most precise VBF measurement in Tota (Sit, Syst) SMUne
the Mj;; > 1500 GeV and pf < 200 GeV bin 1158 L ) | e
VBF 093 0% (53, 102) | o
< TR T A A
2 ATLAS ®paa  \ Uncertainty
> Vs = 13 TeV, 139 b 1.09 1011 (0% 1010 )1 Lo07
0 f | [T | . Combined -o11 006+ 009 )}
< H oo WW* - evuy Horn ,7"
o VBF-enriched N,,>2 SR W OMerH (Wt . . . .
m ° Www Ew) Blww (strong) 05 1 15 2 25 3
Wz Mis-1d OB,y OByl
W other v (v)
T T T T
ATLAS o4 Total
" [ Statistical Unc.
Vs=13TeV, 139 fb B Systematic Unc.
H - WW* . evuv 1" SM Prediction
p-value =53% Total (Stat. Syst)  SMUnc.
40H01, 1 < 200 Gev s 121 79 (0 oy g
-ﬂc; goH-, p!' < 60 GeV 082 T (10, T0a) LY
T Q0H-1,60%p" <120 Gev. 058 ‘gh (%5 | s01s
3 GoH-4, 120" <200 Gev 146 0% ( ! o
8 goH-2]. P <200 GeV e 159 0% ( |02
agH, pY 2200 Gev P 211 105 (15 | =026
. EW qgH 2], 350 <m, <700 Gev, p* <200 Gev | |t 005 9 ( | 007
= EW agH-21, 700 <m, < 1000 GeV, p* <200 Gev 056 0% (72 007
= EW qqH-2), 1000 £ m, <1500 GeV, p* <200 GeV 118 9% ( | ox007
2 W agH-2], m, 2 1500 GeV, p" < 200 GeV. 114 9% ( [
o M H
| EW qgH-2j,m, 2350 GeV, p! 200 GeV 117 98 (1o | 2008
3
[ 025, (05, [06g, 107, ~[0g; —log, L L L L L L L L
05z 06 07y Mosy 0y U 1 0 1 2 3 4 5 6 7 8
DNN output oB /(cB )
H-ww* H-WW*gm
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https://arxiv.org/pdf/2207.00338.pdf

H— WW CP measurement

® Use VBF to probe the Higgs boson
couplings to longitudinally and
transversely polarised W and Z bosons
® Measured polarisation-dependent
coupling-strength with respect SM
prediction :
a, =0. 91+8 %g(stat )+8'(1)$(sys)
aT = 1.2 £ 0.4(stat.) "3 3(sys)

£ 8 A'TLAS' ' ' j j j j """ —e— Observed
£ Vs =13 TeV, 36.1 fts* 172 Total unc.
> * - Il VBF
'g H - WW* . evuv | goF
W VBF SR p | Il Other Higgs
W +jets
—| I Z +jets
-| [ Diboson
O, wt
. . . .
5 14F =
o E =
;o /2*7/ %*7 //‘%/ A
£l % ///zf/ A
0. RE 3
0 T 21
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4 [T \ T
= gL ATLAS B
< F Vs=13TeV, 36.1fb™ E
N 5L H - WW* - evuy E
F — Expected 1

4 — Observed 20
3 =
2 =

F 1
0: P I | T I L ]

-0.5 0 0.5 1

®
S

® Results in agreement with SM expectations

Type Expected Observed

ar shape-only fit (ar, = 1) 1.0 £ 0.5(stat.) 10 (syst.) 1.350 % (stat.) F0 3 (syst.)

0.9070:03 (stat.) 7005 (syst.)
0.12
0.1
+C

1.1970 37 (stat.)

1005098 (stat.)

1005038 (stat.)

ay, shape + rate fit (ap =1) 00 (syst.) a
arp shape + rate fit (a;, = 1) oS (syst.) To1a(syst.)

0.9110 13 (stat.)

1.2 4 0.4(stat.) |

Lot (syst.)

03 (syst.)

1.0070:95 (stat.) F0:05 (syst.)

10702 (stat.) T0:3 (syst.)

ay, shape + rate fit (ap profiled)
ar shape + rate fit (ay, profiled)
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https://arxiv.org/pdf/2109.13808.pdf

Higgs Comb. measurement

——— 7
ATLAS e Total Stat. E=ISyst. | | SM

i Vs =13TeV,36.1-139 fo"

® Combine measurements from the T IR CeN Iy <28
. . . M Total  Stat. Syst.
different Higgs boson decays assuming oe s o

+0.06

ggF+bbH 108 w007 (+oos, '0%)

|
. . ==
SM Branching ratio - 110 5 (s, “38)
|

e VVBF measured with a precision of ~ 10% Wi 116 82 (om0
with almost same impact from stat and 2 = 086 F (sow. 1)
syst uncertainties e e e B

® Largest contribution from H— WW, " | e——ee o cn o

H— 77 and H— v * ¢ 4 th s %

Cross-section normalized to SM value

Decay mode Targeted production processes £ [fb™']  Ref.  Fits deployed in
H—yy ogeF, VBE,WH, ZH, (tH,tH 139 31 All
H— 77 ¢eF, VBE,WH ZH,itH tH 139 28] Al
ftH tH (multilepton)  36.1 39] All but fit of kinematics
H— WW ggF, VBF 139 29] All
WH.ZH  36.1 [30] Al but fit of kinematics
(iH tH (multilepton)  36.1 [39] Al but fit of kinematics
H—Zy inclusive 139 [32] All but fit of kinematics
H — bb WH,ZH 139 [33,34] Al
VBF 126 [35] All
ftH tH 139 [36] All
inclusive 139 371 Only for fit of kinematics
H— 1t ¢eF, VBE,WH ZH,iiH tH 139 [38] Al
1tH tH (multilepton)  36.1 [39] All but fit of kinematics
H— up geF fH tH,VGBF WH ZH 139 [40]  All but fit of kinematics
H—cé WH ZH 139 [41]  Only for free-floating k..
H — invisible VBF 139 [42] « models with By & Bjyy.
ZH 139 [43] « models with B, & Biny.
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https://arxiv.org/pdf/2207.00092.pdf

Higgs Comb. measurement

ATLAS o .
—e—iTa
- 13 TeV, 130" — 5y, ——
T T T T T T T 12509 Ge. | <25
ATLAS 4 Total P00
Vs =13 TeV, 36.1 - 139 fo! - o - o
my, = 125.09 GeV b o terocey o7 22 g 0
p. =72% 0540102 <200 G - 1z 22 e Y
M . Total  Stat  Syst. 105 < 60 GoV
gF+bbH 77 b 104 S0 (38 To%) P —
9gF+bbH 22 L] 095 Gio (0% Gk ) 1120557 <0060 =
ogFsbbH W ] 1 BT (2B, 02 ot | st mevgoma et
ggF+bbH o - 080 0E (0% S5 224 m, <5000V, 1205 < OGOV [
QQF+bbHAIH =) 054 o (0w . o) Ry S -~ U memmmmmaman.
+0.30 +0.21 +0.21
VBF 7y 136 T0%7  (Zo20 » Zois ) <1t —= 029 98 (198 02
+052 +051  +0.11 I y y
VBF 2z 133 Toas  (Zods » Zoos ) =2-jet, m; <350 GeV, VH topo = 086 0% (04 ‘o
4019 (4016 +0.12
VBF ww 118 T0fs (To1s . Tott) =2et, m; <350 GeV, VH velo b———| 24p "0 (1132 054
21 3 1 0 ) )
VBF 77 1.00 tg,w (o o) 22-jet, 350 < m; <700 GeV, p' <200 GeV |_-I-| 092 1043 (rd2 w2
VBF+ggF+bbH bb 098 0% (105, 1090 )||ewsHea | =2iel 700 < m, <1000 GeV, pl < 200 GeV o= 116 053 (047 402
+1.33 +1.30 +0.27 i 40.50  +0.44 +0.24,
VBF+VH pu 231 1% (1m0 s02ny >2jet, 1000 < m; <1500 GeV, g’ < 200 GeV |.I.-..| 132 050 (04 w02
WH ww 226 1 (3, 0n | H 4037 (4032 +0.1
i ok (1332 ?Z?I; 224et, m, 2 1500 GeV, p <200 GeV' |i-| 122 05 Coso o
s (. o . ~ 071 4068 4021
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® Best precision in VBF bins with Mj; > 1000 GeV-p4 > 200 GeV bin and Mj;; > 1500
GeV—p# < 200 GeV (dominated by stat uncertainty)
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https://arxiv.org/pdf/2207.00092.pdf

VBF Di-Higgs production

® Higgs potential influenced by Higgs boson

trilinear self coupling term Ayyy o wem z w
® Direct way to measure the coupling bb
modifiers is through Higgs boson pair ww 4.6%
production (HH) w 7.3%  27%  039%
® VBF is unique way to probe VVHH z 31% |11% 033% |007%
Yy 0.26% 0.10% 0.03% 0.01% <0.001%

vertex (kav)

® Several HH decay final states have been
explored but yet no observation
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Search for VBF Di-Higgs 4b

® Search is sensitive to VBF production of
additional heavy bosons decaying in

Di-Higgs

® Non-resonant topology can constrain the
quartic coupling between the Higgs

bosons and vector bosons

® kyy < —0.43 and koy > 2.56 excluded at

Sygel PP Xii-> HH) [1b]
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https://arxiv.org/pdf/2001.05178.pdf

Di-Higgs Comb
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® Results from combination of HH — bbrT, HH — bbyy and HH — 4b
® Observed (expected) 95% CL constraint on kay: 0.1 < kpy <2.0 (0.0< koy <2.1)
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https://cds.cern.ch/record/2816332/files/ATLAS-CONF-2022-050.pdf

Summary

A review of the current VBF Higgs results from ATLAS has been presented

Lots of results available for the inclusive and fiducial cross-section as well as cross
section measurements within the STXS framework

VBF also used to probe Higgs CP nature, but still no sign of physics beyond the
standard Model

Combination of single Higgs measurements lead ATLAS to measure VBF with a
precision of ~ 10%, with most precision at high M;; region

VBF is unique way to probe VVHH vertex (kay)
® Combination measurement leads to observed 95% constraint 0.1 < kyy <2.0

A. De Maria 20 /21



Thanks For Your Attention

A. De Maria 21 /21



