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VBF Production

Second-largest Higgs production mode (~7%)

Clean signature

e Forward jets (large m;, large ijj)

No color connection between jets
= Low QCD activity in central region

= Higher S/B than gg—H

= Can access H=tt, H—bb, as well as cleaner decays.

Key measurements:

STXS, differential XS
HVV couplings
HVV CP

Beyond single Higgs: HH, H=inv, ...

g >
w/z
w/z
Q >
Challenges
e QCD modeling (parton
shower)

® Rejecting gg—H + jets
e Jet performance (JES,
pileup, ...)



Inclusive VBF Overview

CMS ATLAS
H-vyy i = 1.04 +£0.30(stat) £0.06(theo) £0.10(exp) o/a,,, = 1.20 +0.18(stat) £0.19(syst) )
HIG-19-015 HIGG-2020-16 %
H—4l i =0.48 £0.41(stat) £0.12(syst) o/o,,,=1.21 +0.44(stat) £0.06(theo) £0.10(exp)
HIG-19-001 HIGG-2018-28
H->WW* un=0.71%0.26 o/o,,=0.93 +0.13(stat) £0.16(syst) 2
HIG-20-013 HIGG-2021-20 ’é‘
Hobb  w=1.0120.50 w=0.99 +0.35
HIG-22-009 HIGG-2019-04
H-tr W = 0.86 +0.13(stat) +0.05(theo) +0.08(exp) o/a,, = 0.93 +0.12(stat) +0.11(syst)

HIG-19-010

HIGG-2022-07 x>



https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-015/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-16/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-001/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-28/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-013/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-20/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-009/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-04/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-010/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-07/

General features

Reconstruction of the VBF system
e R=0.4 anti-kt jets
e ATLAS: use JVT, fJVT to reject pileup; CMS: PUPPI jets or pileup jet ID (for p, <50 GeV)
e Typically focus on m, > ~350 GeV, IAnjjI > ~3 region for the inclusive selection
e BDTs/NNs to further separate VBF from gg—H and non-Higgs backgrounds
— Inputs: mainly jet kinematics
e Background estimation, signal reconstruction dependent on decay mode

MC Baseline
e Powheg Box v2 = Generation at NLO QCD, normalized to approx. NNLO QCD + NLO EW.

e Pythia 8 for UE/PS/hadronization
— CMS: systematics from varying Pythia scales

— ATLAS: Pythia scale variations + alternate samples with Herwig7 = Two-point
systematics on UE/PS/Had



Cross-section measurements



ATLAS & CMS H—-T1T

Events / GeV

MVAs to reject backgrounds and separate Higgs
production modes
Data-driven modeling of large Z—tt contribution

0.8
0.6
0.4

0.2

(Events - Bkg.) / G
5 3
T T

)7 bkg. [ Others
ClJet >t Bkg. unc.
B qqH + ggH (1=0.82) —+— Observed 138 1b™ (13 TeV)
T T T oo —
i CMS ) Bkg.unc. 1 ]
< 80 —qgH + ggH 7 |
y +y >08 ~4-Obs. - bkg. ]

N
=) =3
THTTT

n
=)
TT

NN-analysis ]

100

CMS (HIG-19-010): NN-based and cut-based analyses, VBF
channel benefits most from NN (+30-40% sensitivity)

ATLAS (arXiv:2407.16320): “Second-wave” analysis out
this Summer, with finer classification of VBF (— STXS).



https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-010/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-07

ATLAS & CMS H—-T1T

Similar inclusive uncertainties, but quite different uncertainty breakdown

HIG-19-010

CMS 138 b (13 TeV)
Cut-based * Observed i+ 1o tot * 1o stat
NN-based
tot stat syst theo bbb
] 0.12 A 1 i ;
X \ c8 o 093 1378 38 14 18% 08
incl |
0.11 | Xl 0. i
NN |'"|: 082375 006 “006 004 -00s
I
|
0.20 +0.08 +0.13 +0.12 +0.06
i cB .I 0.97 "53s Zoos ~012 ~00s 008
ggH . ! 020 +0.08 +0.14 +010 +0.0
NN : 0'67t0.18 t0.0S t0.14 t0.07 t0.0g
I
e == - |————————————————— o}
) 0.24 . ; H !
Iy CcB HIlH 0682525 016 “o1s “aoe ~000
aqH
: NN ey 0.81707¢ 013 “008 “00s ‘o0
——————————— | - o o o o o o e e e e e
l
I
" cB o e 180750 103 105 1007 oo
VH |
NN R 1793 0 R i
I
| | 111 1 | 111 | 111 | | | | T | | 1 1
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Parameter value

arXiv:2407.16320

A A Y L L L e
ATLAS Hott Vs =13 TeV, 140 fb
—Tot. ISyst. “Theory p-value = 99%
Tot. (Stat. Syst.)
|
agF el 0.94 537 (%1 %)
|
VH ——— 061 T (lom )
|1 VBF I-jrl 093 3 (L1 i) !
: Ry el etk }___________107__+0_£s7__+o_5>2_-
: ttH I © :\? ] 0.77 992 (077 —os0 )
Combined I-cVQ 098 75 (%os o)
1 1 I 1 1 1 i 1 1 1 1 I 1 1 L 1 l 1 1 1 1 [ 1 1 1 1 I L 1 K 1
0 1 2 3 4 5 6
(oxB)™*/(oxB)M


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-07
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-010/index.html

Uncertainties CMS HSWW

Uncertainty source Ap/p Apgen/pgenr | Apiver/pver | Apwn/pwn  Aliza/tiza

Theory (signal) 4% 5% 15% 2% <1%

ATLAS H =TT Theory (background) 3% 3% 2% 4% 5%

Lepton misidentification ~ 2% 2% 9% 15% 4%

Integrated luminosity 2% 2% 2% 2% 3%

Production mode ggF ttH VBF | VH b tagging 2% 2% 3% <1% 2%

] Lepton efficiency 3% 4% 2% 1% 4%

Best-fitxalne 088 U] 028 9al Jet energy scale 1% <1% 2% <1% 3%

Total uncertainty +0.30 +0.97 +0.16 }§+0.62 Jet energy resolution <1% 1% <1% <1% 3%

Statistical uncertainty £0.15  +0.82 | +0.12 |+0.52 lig?D‘: scale <1 1/% ;j <1; 2;%/ ;j

4 5 % % <1% <1% %o

Total systematic uncertainty +0.26  +0.51 | +0.11 §+0.34 Parton shower “1% 2% 1% 1% 1%

Samples size +0.09 +0.32 [ £0.03 §+0.25 Backg. norm. 3% 4% 6% 4% 6%

Theoretical uncertainty in signal +0.19 +0.14 § +0.10 §+0.13 Stat. uncertainty 5% 6% 28% 21% 31%

Jet and E_Iffliss +0.12  +0.14 § +0.03 [+0.11 Syst. uncertainty 9% 10% 23% 19% 11%

Hadronic 7-lepton decays +0.05 +0.09 f} +0.01 [+0.04 Total uncertainty 10% 11% 36% 29% 33%
Misidentified 7-lepton background +0.05 +0.05f} +0.02 §+0.11
Luminosity +0.01  +0.0J§ +0.01 §+0.02

Theoretical uncertainty in top-quark processes +0.01  +0.3 - +0.02 o . .
Theoretical uncertainty in Z + jets processes ~ +0.03  +0.0 - +0.02 M ain d Iﬁe rences w. r-t- ATI-AS o
Flavour tagging +0.02  +0.0, +0.01 §+0.01
Electrons and muons +0.02  +0. +0.01 [+0.02 . . . . .
* ® PS uncertainties from varying Pythia PS weights

. . . (also dominant)
Mainly UE/PS (Pythia8 vs. Herwig7),

both for VBF, and ggF in VBF phase space
+ QCD HR/MF recommended dipole shower yet, to be

+ gg—H jet-bin migrations improved for fufcure .measurements |
+ VBF ME (Powheg VS, MG) Raffaele's talk has a nice discussion of the CMS uncertainty model

Some of the analyses don't use the
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-013/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-07
https://indico.cern.ch/event/1186109/contributions/5063624/

Cross-section measurements: STXS



qq—Hqq STXS

Stage 1.2

= 0-jet

= 1-jet

VBF part of the qgq—Hqq process
(along with qg—(V—qqg)H )

Bins split mainly along pTH, m;; and Njets

Main focus on m, bins for pTH >< 200 GeV

Use p." >< 25 GeV as proxy for the
presence of a 3rd jet

mjj

60

120

350

> 2-jet

mjj [0, 350]

|
m; [350, co]
|

—

0

25
br

.. X
Hjj

[
[0 200] p¥ [200, oo]

mjj
350
1000
1500

VBF-dominated regions

Discussions ongoing on Stage 1.3 updates, in particular interplay with (V—=>qq)H

— More in Robin’s talk tomorrow!

10


https://indico.cern.ch/event/1442025/timetable/?view=standard#22-stxs-and-new-stxs

H—T11 STXS

138 b (13 TeV)

qaH: pY > 20000

qqH: 224, m > 700) ;

qgH:z 2J, m“[350 700)

qaH: Non-VBF-topol

ggH: p: > 300}

ggH: pj[zoo 300\

T 74%3.37'3.26

7.77 +5.11-4.49

58.0 +14.9-14.5

31.3+18.4-18.2

0.964 +51.5-48.8

-193 +251-242

613 +681-601

ggH: 22 JA R

9gH: 1, pi120 200N\

9gH: 1, pl60, 120

480 +173-172

-84.5 +285-322

5865 +148-147

u 9294274274

ggH: 14 p:[O,GG]

ggH: 0.4 P/{10,200)\
ggH:0J P:[o,m]

agH: 0[N

-707 +348-350

-342 +820-815
ol vod vod o o od o

32101234

Ratio to SM

110 102 10° 104 107 10°

oB (fb)

[~ = = = = = = = = === -

|

|

I qgH: Non-VBF-topo
[

CMS VBF H—=TT:
Reduced STXS 1.2

scheme

138 fb' (13 TeV)

qqH: p' > 200{ %

qu:zZJ,mu>700§

qqH: = 2J, m“[350.700] \\\\

T T
A 1,7;‘+3.37’—‘3.26

7.77 +5.11-4.49

58.0 +14.9-14.5

31.3 +18.4-18.2

48.9 +35.3-34.9
0.964 +51.5-48.8

-193 +251-242

613 +681-601

[ ] Observed: CB-analysis

Observed: NN-analysis
+1o
Uncertainty on SM prediction

T T I LI T I | [ | T I LI T I 1 1 1 I T 1T
ATLAS Hott Vs=13TeV, 140 b
—Tot. @Syst. "Theory p-value = 6%
Tot. (Stat. Syst.)
0.61 0.38 +0.49
gg—H, 1-jet, 120 < p: <200 GeV 0.35 r0.61 ( to.37 -0.48 )
0.89 0.52 +0.72
9g-H, = 1-jet, 60 <pl* < 120 GeV 0.50 ‘g5 (o5 o072 )
+0.75 0.49 +0.57
9g-H, > 2-et,m_ <350, 120 < pl' < 200 GeV 053 '07 (loas lose )
3.09 1.66 2.61
9g-H, 2 2-et, m 2350 GeV, pl’ < 200 GeV 5.09 a0 (e ier)
0.39 0.28 0.27
9g—>H, 200 <p!! < 300 GeV ] 0.99 ‘o3 (o2 o020 )
- +0.59 +0.44 +0.39
gg—H, p;‘ >300 GeV ] 1.51 Jo5 (Zoss  ozs )
0.68 0.57 +0.38
qq'—Hqq', = 2-jet, 60 < m; < 120 GeV [ 0.94 to_s.r, ( 10155 -0.36 )
& 0.83 +0.81
aq—>Had, 2 2-et, 350 <m, <700 GeV, p! < 200 GeV e -0.96 137 (os 103 )
L
) o 4 0.24 1070 (083 1049
qq'—Hqq', 2 2-jet, 700 <m_< 1000 GeV, P, < 200 GeV | Bé -0.89 ( 060 -0.65 )
I
0.61 0.50 +0.35
qq—>Hag, > 2-jet, 1000 <m < 1500 GeV, pf' < 200 GeV N 1.68 “o55 (oar 020 )
I
0.34 0.30 +0.16
qq'—Hqq, = 2-jet, m“ >1500 GeV, p: <200 GeV o 0.12 to_33 ( to,27 -0.18 )
X u +0.87 +0.75 +0.44
aq—>Hag, 2 2Jet, 350 <m <700 GeV, p! 200 GeV = 116 g0 (Jgse  ose )
, ) . H o 98 +0.73 +0.67 +0.28
qa’—>Hag', > 2-et, 700 < m <1000 GeV, p¥ > 200 GeV e .98 063 ( loso 023 )
0.56 0.52 +0.20
aq'-Hag' > 2-et, 1000 <m, <1500 GeV, pi! > 200 GeV " 140 oo (Lo ois )
]
. ’ " H +0.39 +0.35 +0.18
qq'—Haq', = 2-jet, mu >1500 GeV, p; 2 200 GeV o1 1.29 -0.34 ( -032  -0.13 )
-
+1.75 +1.54 +0.84
ttH, pif < 200 GeV —— 215 L5 (s ors )
1.26 1.12 +0.58
ttH, 200 < p;‘ <300 GeV [ -2.23 r1.1a ( to.79 Zo0 )
2.92 2.62 1.27
ttH, p!! > 300 GeV ————] 3.58 o (5% :J.SP )
1 L I I==F 1 I I 1 I L1 1 I | - 1 1 | -
0 5 10 15 20
(0xB)™*/(oxB)*™

ATLAS H—Ttt: finer binning in 2nd wave
analysis, probes m;, > 1500, p," >200GeV .



H—WW*

CMS

138 fb~! (13 TeV)

ZH(Z - leptons); p?> 150 GeV
ZH(Z - leptons); p% < 150 GeV -
WH(W - leptons); p}’ > 150 GeV |
WH(W - leptons); p¥ <150 GeV

qqH; 60 <mj; <120 GeV -

qgH; mj;> 350 GeV; pf > 200 GeV

qgH; mj;>700 GeV; p! <200 GeV -

qgH; 350 <mj; <700 GeV; pY <200 GeV -
ggH; pY >300 GeV

ggH; 200 < p! <300 GeV
9gH; =2J 1

ggH; 1J; 60 < pi <200 GeV §
ggH; 1); pY <60 GeV q

9gH: 0] 4

% o/osm= —0.1%}3

4

A 0= 00088

———————— TR
|

W 0=0.17*31% pb

“; 0=0.023+381 pb

555 0= 004251 b

> ofosw = - 2.1#33
0=0.22+319 pb
—_— 010 PP ww
. - 07
=gz 0=1.5257 pb + Total unc.
0=0.5%34 pb r## Stat. unc.
- 03 Theo. unc.
. 0=2.6'3]pb ggH
+0.7 St
+ 0=4.2137 pb I VH(V - leptons)

s 0= 0108 eb
S O~ 088 PP

pb

- Standard model

| pi10,200] |

pH[200, 0],

| mjj [350,700] |

CMS VBF:
Reduced STXS
1.2 scheme

6 8
o(H > WW)/a(H -» WW)gy

10

e B B R e A A RS AR
A TLAS Fed Total
[ Statistical Unc.
Vs=13TeV, 139 fb BE Systematic Unc.
H—-> WW* - evuv I SM Prediction
p-value = 53% Total (Stat. Syst.) SM Unc.
99H-0j, p' <200 Gev ey 121 P38 (1008 0y L so07
gaH-1. p! < 80 GeV 082 0% (0%, %) | xom
9gH-1],60< p <120 GeV 0.58 28 ¢ 308, 1080 'orods
ggH-1j, 120 < p* < 200 GeV 146 0% (0%, o) i £0.19
99H-2j, p¥ <200 GeV 159 “08 (oa. fom) 1 x022
ggH, p# > 200 GeV Fmamr 211 05 (0%, %) 1 +ozs
EW qqH-2j, 350 < m, <700 GeV, p <200 GeV | |-l 0.05 O (1042 4039y L g4
EW qgH-2], 700 < m, <1000 GeV, p¥ <200 GeV 0.56 (OB (0 03y 1 Lo
EW ggH-2/, 1000 < m, < 1500 GeV, p¥ <200 GeV 118 02 (1%, %) | 007
EW qqH-2j, m, > 1500 GeV, p' < 200 GeV 114 0s (10T, o) : £0.08
EW qqH-2], m; 350 GeV, p* > 200 GeV 117 54 (10w 1oa) D +005
ORI TR S N SN TN SR S N TN TN T S NN T WO ST S N YOO SO ST S VNN TN TN T NV ST ST S AN W ST T A SO Y WYY

-1 0 1 2 3 4 5 6 7 8

G'BH—> ww* / (G’BH—>WW*)3M

Probing m, > 1500, in the p," < 200 GeV region
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-013/index.html

Cross-section measurements: Beyond STXS



VBF H—bb

70

Data-QCD  S/(S+B) weighted events / 5 GeV

90.8 b (13 TeV)

L7 |
- CMS

¢ Data

- —— Z>bb
—— H—bb

. —— QCD(+unc.)
—— QCD+Z+Higgs

HIGG-2019-04

Similar ATLAS/CMS strategy:
e Fitm  distribution in MVA categories (smooth
QCD background)
o Use b-jet triggers (3-4 jets + 1-2 b-jets)
o Not available in CMS in 2017
e Overall e~1% but large event yields

CMS: u=1.01+£0.39 (stat) +0.39 -0.24 (syst)

Source of systematic uncertainty Impact on signal strength [%] Pythia dipole
VBF parton shower 13.0 - shower vs.
Jet energy scale 7.7 Herwig
Trigger efficiency 6.7
Parton shower (final-state radiation) 56 — Pythia shower

scales

ATLAS: n=0.95 £ 0.32 (stat) +0.20 -0.17 (syst)


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-04/

VBF H—bb

-0.06 -0.04 -0.02 0
T T T T [T

Trigger b-tagging trigger SF
N, Exp.

JET eta-intercalibration modelling
QCD Scale ggF, VBF-topo 3j/2j
JET flav. comp. uncert.

Overall VBF PDF uncert.
Parton shower, n .,

QCD Scale VBF mig.
Luminosity

Branching-ratio H—bb

JET energy resolution 1
Pileup-reweighting

EWK cross-section

N, ME

b-jet energy scale

Al
uH—;bE

0.02 0.04 0.06

1

ATLAS

Vs=13TeV, 126 fo
Rank 1to 15 L]
[

\I‘IIIIlI\I\lIIII‘II!IlI\

Pull
1 standard deviation
Prefit Impact on i

HIGG-2019-04

Similar ATLAS/CMS strategy:

e Fitm  distribution in MVA categories (smooth
QCD background)
o Use b-jet triggers (3-4 jets + 1-2 b-jets)
o Not available in CMS in 2017
e Overall e~1% but large event yields

CMS: u=1.01+£0.39 (stat) +0.39 -0.24 (syst)

Pythia dipole

Source of systematic uncertainty ~ Impact on signal strength [%]

-1

-0.5

0

Postfit Impact on {1
0.5 1
6 - 6,)/A0

VBF parton shower 13.0 - shower vs.
Jet energy scale 7.7 Herwig
Trigger efficiency 6.7
Parton shower (final-state radiation) 56 @ «— Pythia shower

scales

ATLAS: n=0.95 £ 0.32 (stat) +0.20 -0.17 (syst)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-04/

ATLAS VBF+y H—=>bb

Inclusive p = 1.3 1.0

Ongoing discussions
on implementation
of STXS binning

Limited impact /

from theory
uncertainties

Require addition y (pTH > 30 GeV) in final state
Mainly sensitive to k,,, (|<Z contribution suppressed by ISR/FSR interf.)
Similar data-driven approach as VBF H—=bb
Use Herwig7 PS due to issues with Pythia8

HIGG-2020-14

>
8 200F
o 180
Source of absolute uncertainty o (ug) down o (pg) up _§ 160
Statistical g 140
Data statistical —0.78 +0.80 120
Bkg. fit shapes —-0.19 +0.22 100
Bkg. fit normalizations —0.51 +0.52
Z boson normalizations —0.15 +0.14 &l
Systematic 60
Spurious signal —0.24 +0.21 40
Theoretical —0.01 +0.08 20
Photon —0.01 +0.03
Jet —0.06 +0.20 ©
b-tagging —0.02 +0.11 %
Auxiliary —0.01 +0.04 2
Total —0.99 +1.04 S
Total statistical —0.96 +0.99 »
Total systematic —0.25 +0.32

= (s=13Tev, 182fb" - 2
= VBFH(o bb)+y Hyij (1, = 1.3)

HighBDT Region

Data

-+ Non-reson. bbyjj
Non-reson. bbyjj+Zyjj+Hyjj

|

80 100 120 140 160 180 200 220 240

60

m,, [GeV]


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-14/

VBFWH— bb (ATLAS+CMS) ~ —" — .

+
. h,ji-_,_ /FTX -
Search for WH—=bb with VBF-produced W: very small & T H e
SM rate due to interference between k,, & k, diagrams e '
= Flipping the relative sign of k, & k, = large enhancement + different kinematics !
. CMSSimuiation ______ (13TeV) s '
§ 0.40l- WH production via VBS, kz =1 _ 1:_ ) ‘ ....
2 B SM (kw=+1) - .
Soast + Kkw=05 ; -
g 0.30]- Kw =0 . 0.5
= E B _1 ] B red. A i’ F
o : : AR
E Un ®BestFit  OBestFit |
1 L M 1c obs. -~ 16 exp. --1c obs.
] [ |26 0bs. 20 exp. -2 obs.
_E _0_5_ "~ Boobs. 5cexp. --5c0bs. _|

250 500 750 1000 1250 1500 1750 2000
pr(H) +pr(W) [GeV]

CMS: u=3.0+5.9-5.7

3 TeV, 140 b
3 TeV, 36.1-139 b

-0.5 0 0.5 1

CMS/ATLAS: Exclude sign(KW KZ) =-1 at >>50
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VBF production at high p_

VBF/ggH ratio rises vs Higgs p:
Inclusively:  VBF/total ~ 7%
p," > 100 GeV:VBF/total ~ 20%

VBF jets provide additional handle against background iZ
important at high p.):

Expect similar sensitivity as ggH
Also probes different BSM models

1/ Sum

% 7
/ =

210511399 A, Buckley etal gt —
VH
ttH ——

Sum ——

Vs =13 TeV
PDF4LHC15_nnlo_mc

W
P

100 200 300 400 500 600 700 800 900
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https://arxiv.org/abs/2105.11399

VBF H

Events / 7 GeV

(Data - Bkg)/oy,,

—bb at high p,

138 fb™' (13 TeV)

180
160

140H
120F

80F
60

20

100F

40F

F CMS ¢ Data [7]Bkg. unc.
F DDB Pass 0JQCD [IW(aq)
F. VBF category [Z(qq) WZ(bb)

mitt [DSingle t
@EVV  [OVH +ttH

N O ahNw O

E

4

0 60 80 100 120 140 160 180 200
mg, [GeV]

Leading systematic uncertainty: VBF
parton shower (13% impact on signal

strength)
HIG-21-020, Jennet Dickinson's talk at last

vear's LHC H WG meeting

VBF category

ggF category

1000 < m, < 2000 GeV [— fengoned Combined fit

Some excess at high p_, driven by

VBF channel (L=4.9 £ 1.8)

cMS 138 1" (13 TeV)

e Observed
10 (stat @ syst)
+1c (stat)

m; > 2000 GeV |-

800 < p, < 1200 GeV | —

675 < P, < 800 GeV | —

600 <p <675 GeV | —

550 < P, < 600 GeV | —

500 < P, < 550 GeV |

450 < p, < 500 GeV | —

15 40 =5 15
l‘LVBF
PRI R T T
15 10 u 15

ggF
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-020/index.html
https://indico.cern.ch/event/1276727/contributions/5657929/attachments/2752696/4792074/Dickinson_LHCHWG_CMSVBF_v1.pdf
https://indico.cern.ch/event/1276727/contributions/5657929/attachments/2752696/4792074/Dickinson_LHCHWG_CMSVBF_v1.pdf

CP Measurements



HVV CP measurement D o TR * SR
VBF jet kinematics sensitive to HVV interaction structure, < 15j________________'.'.fﬁf.'.'.'.f.'.'.'.fff.f.f:.'.'f.'.'.ffQ%jff.'.ff ,,,,,,,,,,,, E
in particular CP-even vs. CP-odd e * * —r—
— Probes possible CP-odd admixture in H(125) and _ 0'55_ e
CP violation in the Higgs sector T S =
T S :
Observables: e
e “Hand-crafted” CP-sensitive variables, e.g. (signed) A i
e Optimal Observables, using the full ME |
information to separate CP-even from CP-odd B = 2R (M§iMpsu)
L= 2
| Msw|

Results presented as:

e SMEFT Warsaw basis (C c": . C... ) = ATLAS, CMS
i ' o Ol L = Lsm + Z
e SMEFT Higgs basis (c C ,C )% CMS SMEFT = +SM
f
3

rAAY
e Amplitude coefﬁuents (f ., ,f ) > CMS
a2’ "a Al

i p®



H—WW: CP

CMS (HIG-22-008): Apply ME

method to the qg—qq(H—-WW?)

process (also VH, ggH)

— Results in Warsaw, Higgs and

fai bases.

138 b (13 TeV)

Best fit 68% CL

0.76  [-4.19,0.67]

012 [-0.44,0.81]

0.08 [-0.79, 0.51]

017  [-1.62, 1.05]

003 [-0.23,0.16]

026 [-0.76, 0.41]

054 [-1.57,0.83]

20.08  [-0.23,0.12]
11 ‘ L1l | 11

| 1
3 4 5
Parameter value

do™/dAg_[fb/rad]

1

Pred. / Data

ATLAS (HIGG-2020-25): measure

diffXS of the Agjj variable, SMEFT

interpretation in the unfolded

JET T _,...Da‘ta,,.._...l_

r ATLAS Data Total Unc. ]

[ (s=13Tev, 139 b m  SM (Powheg+Pythia8) ]
s C_2=-0.63(lin,

0.8 VBF H— WW* — evpv b Oes(m_lquad_) ]

lin.) ]

0.6 ]

|

A¢u [rad]

Cug [x107]
Gy [X107]

Chgr [ X107]

C,

Hq3

-1
S [x107]
Cug [ x107]

-1

Coia [x107]

g [ X1071]

HWB

C

C,

HW

HW

L o L
ATLAS DExp.lin. DExp. lin.+quad.
1
Vs =13 TeV, 139 b —-Obs. lin. -+ Obs. lin.+quad.
—
e
4
i —
<
Ll |‘|\\|\\||i||\||\||\‘|\\||\\
-3 -2 -1 0 1 2 3

Parameter value

Better sensitivity for CMS thanks to ME approach and use
of HHWW?* decay and other production modes
EFT validity seems good from lin/quad comparison

Uncertainties mainly statistical (PS/modeling < 1O%ct0t)

22


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-25/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-008/index.html

H—=>tt CP

CMS (2205.05120):
e Use matrix-element-based discriminators to distinguish between different production
mechanisms, background, and anomalous couplings/CP admixtures
e Set constraints on Higgs-V anomalous couplings with 2 different approaches
e Combine with previous results in H—ZZ decays

CMS VBF, 1,7, 138 fb! (13 TeV)
£ T T x T T 3 —$— Observation
VBF VBF 3
= 10° Dyer €10.0,0.7] Dy €10.7,1.0] 1 . CMS 138 b (13 TeV)
= = = = | - SR RN R RN LA ERRRE RN RECa
§ i S :'3: :S 1 [ ] wbkg. c 0P~ Approach 1, tt+4l .~
w e S = JEetryms0 2 top T eweed S
E Fo 0\ X
10° 2 I 2 1 [ Other 1 16F p
: E Stat. uncertainty 14
107§ Y — aaH-e(f_=0) 121
10 — qgH-TT(f =1) 10
E 8 r
1 (=
5 qE%CL
LI% BT T T - E
21 gao
E 1he®e P R TR FERRY ZITER $....¢....,..,,.... ..... O g * ..... * *++++ ...... { 0 ?fss._/?%.il____
(@) 0.5 b + ...................... + ....................................................................................... +... -2 -15 -
N w2 Ny ® QN ® QN ® QNN 2N w9 o [ fa3
v o w @ B O v o o @ B B @ W e @ & Qg Qe Y 0-
e T T T BT O T ST S T S O T S = I Vo
o o o o o o o o o [ o o o o o Lo o : o o o L= o o


http://arxiv.org/abs/2205.05120

H—T1T CP

ATLAS (2407.16320):
Measure H—>tt diffXS, in particular Acp

Use Acp VS pTH distribution (2 x 2 bins) to set
constralnts on Warsaw basis SMEFT parameters

: -0.31<cC,,,

<0.88

Mainly stat-dominated, leading uncertainties are exp.

[ J
[ J
e Best current constraint on CHW
[ J
e Could get even better with OO ?...
L UL B B B B
ATLAS
\E =13 TeV, 140 " Exp. Lin. Exp. Lin.+Quad.
Hotrt, A¢EW vsp - Obs. Lin. -~ Obs. Lin.+Quad.
L 95% confidence level .
cH\Tv m
Cia .
c . |—0—|
HWB —a——r
| | l ICPV SMEFT model
715llII71OII1175\\llollllsll l10llll15

do/dA¢paned [fo/rad]

i

Ratio over SM

22 F

1.8
1.6
1.4
1.2

08 E
0.6
04 E

0.2
1.5

05 ¢

T T T
C ATLAS

E V=13 TeV, 140 o™ ~ °H =

W

P! < 200 Gev

—— SM (Powheg+Pythia8)

T ) T T —]
@ Data, total unc. _E
0.7 (lin.+quad.) Data stat. unc. J
0.7 (lin.+quad.) —

p:'_‘ > 200 GeV

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

T2 0 w2

r I
| H=vy (HIGG-2020-08): I
I e Categorization in BDTs for VBF/ggF and VBF/bkg 1
I e Extractsignal from m., fitin each OO bin. I
I I
I 68% (exp.) 95% (exp.) 68% (obs.) 95% (obs.) I
| d (inter. only) [-0.027, 0.027] | [-0.055, 0.055] | [-0.011, 0.036] | [-0.032, 0.059] I
| d (inter.+quad.) [-0.028, 0.028] | [-0.061, 0.060] | [-0.010, 0.040] | [-0.034, 0.071] |
dfromH - 17 [-0.038, 0.036] - [-0.090, 0.035] -
I Combined d [-0.022, 0.021] | [-0.046, 0.045] | [-0.012, 0.030] | [—0.034, 0.057] I
| ¢y (inter. only) [-0.48,0.48] | [-0.94,094] | [-0.16,0.64] | [-0.53,1.02] |
| cpy (inter+quad.) | [-0.48,0.48] | [-0.95,095] | [-0.15,0.67] | [-0.55,1.07] |



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-07
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-08/

Beyond single Higgs



VBF HH production

K,, = 0 would lead to strong enhancement of VBF HH at highm ..
=> VBF HH—4b with highly boosted H—bb decays excellent probe

CMS (B2G-22-003): 0.67 < K,y < 1.38 @ 95% CL
= exclude Ky, = O at > 50

ATLAS (HDBS-2022-02): 0.55 < K,, < 1.49 @ 95% CL
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https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-22-003/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-02/

Summary

e VBF is a critical tool for the measurement of Higgs boson properties

e Main current directions:
v/ Probe H(H)VV couplings - strong constraints on k., !
v/ Probe for new physics in corners of phase space (high pTH, high m ... )
v/ Test Higgs boson CP

e Challenges and limitations (More in Alessandro’s talk after this one!)

v Parton shower! (known since a while now...)
v ggF modeling and separation from VBF (see Stephen’s talk tomorrow)

— Sensitivity increasing with use of ML

v/ Other theory issues (Missing HO, gg—H Njets distribution, ME, ...)
v/ Experimental: jet energy scale, pileup rejection, ...
¢/ Can we target less VBF-like VBF ? (central jets, 0/1 jets, etc...)

e Much more to come in Run 3 and beyond!


https://indico.cern.ch/event/1442025/timetable/?view=standard#25-experimental-bottleneck
https://indico.cern.ch/event/1442025/timetable/?view=standard#21-ggfvbf-contamination-in-vbf

