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* Observation of VH production via H—bb.

 First EF'T constraints from differential VH
measurement + prospects.

» Latest results on measurement of Higgs boson
palr production + prospects.
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« At my ~ 125 GeV, many
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e H—yy, H-ZZ:

* Clean signature and good
control over background.

c H-WW:

* Missing energy due to
neutrinos from W—lv decays.

e H>tt!

e T reconstruction more difficult
and significant background.

* H—-bb:

» Largest branching fraction but
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Remaining Higgs decays either completely overwhelmed by
background or currently statistics-limited.
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gjozg ew M(H)=125GeV = « Four Higgs boson
= [ pponumods NLO £ production modes
1 1oL <~ measurable with precision
ToF o EW) at LHC: ggH, VBF, VH, and
% 1L w ol ttH.
: { + Large variety in
107" Z  experimental challenges
f : depending on production
102k : _ mode as well as decay.
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Gluon fusion (ggH)
87% Otot

Dominant signature for
Higgs boson discovery.

Best sensitivity from rare
but experimentally very

clean H—yy, H—-22—4¢
decays.
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VH (“Higgsstrahlung”)
q 4% o'tot

Presence of W/Z boson in final
state = huge suppression of
multijet backgrounds in
dominant (58%) H—bb decay
channel.

VH sensitivity dominated by
H—bb.
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* Observation of VH, H—bb was not originally expected until
much later in the LHC program.

“the discovery potential for... the WH production
mode at the LHC is marginal... For ZH—llbb a
similar signal-to-background ratio is expected as
for the WH channel.”

“The WH channel will be very difficult...
even under the most optimistic
assumptions.”

— ATLAS-TDR-1999 — Int. J. Mod. Phys. A 20:2523-2602 (2005)

“a Higgs-boson signal could be [observed for
ttH(bb)]... assuming an integrated luminosity
of 300 fb-1”

“[ttH and WH] are definitely high-luminosity
measurements.”

— ATLAS-TDR-15 — CERN-PH-TH/2004-103
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* 5/B greatly enhanced by requiring
that vector boson is boosted and
back-to-back to Higgs boson

candidate [1].

+ ~5% total VH events with pr(V) >

200 GeV but compensating
advantages:

Nearly eliminate QCD multijet, large
reduction in V+jets and top backgrounds.

Improved mass resolution.

Makes Z—vv channel accessible (large

missing Er).

* Key element making VH, H—bb
search possible at the LHC.

[1] Phys. Rev. Lett. 100 (2008) 242001
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b jet
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.100.242001

OD UJC — ) ~A 1O ATLAS

EXPERIMENT

4137 (13 TeV)

3 10°

%’ CMS ¢ Data [ ggzHbb

L Supplementary Il ZHbb [ vv+HF
10° £ 2w Highp, | [ ]z+bb [Jz+b

] Z+udscg B
B vV+LF Bl single top

%% S+B uncertainty — VH,H—bb

 Multivariate classifiers
trained to extract S from B
separately in each category

(W—Lv, Z—LL, Z—VV).

Obs / Bkg

* Simultaneous fit of R
multivariate output in all I oot A

categories to extract VH, E i

10° Uncertainty

H—bb signal. e :

— VH,H - bb x20 3
102

—

Phys. Rev. Lett. 121 (2018) 121801
Phys. Lett. B 786 (2018) 59

;
!

o

Data/Pred.

-1 -08 06-04-02 0 02 04 06 08 1
BDT,,, output
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http://dx.doi.org/10.1103/PhysRevLett.121.121801
https://www.sciencedirect.com/science/article/pii/S0370269318307056
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o - BR
 Justunder 5o for VH, U=
— (O BRSM
H—bb process by both 5 5
CMS and ATLAS. - Significance Signal strength
CMS
+  ATLAS: 5.30 (4.80 exp.) 480 (4.90exp.) Pl =1.01 +£0.22
for VH alone from (8+13TeV) __________ //t Ve e e
combining with H—-ZZ and ATLAS
5 bb __ +0.22
H—yy (13 TeV dataonly). |(8+13Tev)|*20 S-loexp) o) = 0.98% 77
77.2 b7 (13 TeV) |
%—-J " CMS ¢ Data g 106§_ATLAS ;\?ﬁt,aH — bb (M=1.16)_§
g - B vH.H—bb £ - Vs=13TeV, 79.8 b tStin et a
£ [ ]vz,z—bb L%’ 10° o= =2+jgg_s P 5
'ci; 1000 S+B uncertainty - -{\,nvillgjtzt ;
g 4 i Diboson H
m 10 5
S E
%) I 3 :
10 =
500 - :
: 10? —;
0 e s S s /:c_g? -
_...|...|. L ol ;=;: ..... I . e o AR AR ENUANEIN BN ATEANEN ATRFATATE N
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Phys. Rev. Lett. 121 (2018) 121801 m(j) [GeV] Phys. Lett. B 786 (2018) 59 °
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 WH and ZH production measured with similar sensitivity.
 ZH slightly better (two dedicated channels as opposed to only one)

¢ Systematic uncertainty comparable to statistical
uncertainty, particularly for WH.

<5117 (7 TeV) +<19.8fb" (8 TeV) + < 77.2fb™ (13 TeV)

T T T 17T T 171 | T 17T | T 17T | T 1T | |||||||||||| | T 1T | T 17T
CMS . O1bser;’etd t ATLAS VH, H—bb Vs= _7TeV, 8 TeV, and 13 TeV
H—bb — 212 E:yast)@ vl —Total Stat. 4.7 o' 20.3 fb!, and 79.8 fb™
oF . Sztzts ) fy?i; Tot. ( Stat., Syst.)
WH —le—y 1-08 +0.38 (t0.24 ’ 1-0.29 )
VBF :—_— 253+098 +1.17 -0.35 0.23 0.27
ttH ——— 0.85 £0.23 £ 0.37
. ZH F—o—4 0-92 +0.28 +0.21 , +0.19
WH ~f—— 1.24 + 0.29 + 0.24 -0.27 (20205 0.17 )
ZH = os8«o024+016 | | 1 "
s com- kg 088 53 (511, %550)
Comblned '* 1.04 10.1410.14 1 1 1 1 | |||||||||||| | |||||||| | 1 1 1 1 | |||||||| | 1 1 1 1
o;ééiéé}ég O 05 1 15 2 25 3 3.5 4 45 5
Best fit u Mbb
Phys. Rev. Lett. 121 (2018) 121801 Phys. Lett. B 786 (2018) 59 VH
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http://dx.doi.org/10.1103/PhysRevLett.121.121801
https://www.sciencedirect.com/science/article/pii/S0370269318307056
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2 105 ATLAS _ — 3;taz — bb (u=1.20)
2 = (s=13TeV,79.8fb” m WW -
Q — 1lepton, 2 jets, 2 b-tags I VH 7]
— . .. L - pY =150 GeV tStin o to 4
* VZ, Z—Dbb: same final state and similar i Mot |
. . E -W-|_-jets §
kinematics as VH, H—bb signal. - S :
5""'""'""'_"_‘-_'_:_._ .=+ Pre-fit background -
3 VZ,Z — bb x 20
107 : E
 Validate analysis strategy by i f
extracting VZ, Z—bb signal with 10° S
minimal changes: s pr e —— ——
* shift M(bb) selection to include Z(bb) S, e
(CMS analysis OIIIY). O 41 08-06-04-02 0 02 04 B%g Oc;ﬁtput1
« retrain multivariate classifier to
. .. — ’ ATLAS VZ, Z— bb s=13TeV, 79.8 fb”
discriminate VZ, Z—bb “signal”. —Totlal  —Stat
. . . Tot. ( Stat., Syst.)
 Otherwise everything is the same as o |, 050 48 (017 y)
the VH, H—bb analysis:
 same MVA inputs, same f{it strategy. 2 He 126 %% (o0 17 )
Comb. o 120 93 (998, °8%)
o"'d.'s'"'1"'1'fé"'é"'é.'s'"':'a"'éfé"'4'1"'21'5";)5
Phys. Lett. B 786 (2018) 59 vz
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https://www.sciencedirect.com/science/article/pii/S0370269318307056

AS A Probe 10or E ATLAS
 Complementary probe for new H—bb dominant probe of VH
physics effects with respect to 35.9 b (13 TeV)

direct searches. CMS |  vmioned
r 2z
- Deviations from SM due toBSM 3 '&| +
Higgs couplings tend to be more n | o
pronounced in high-energy tails & 7| )
of kinematic distributions. > o RES

WH
N

+

* H—-bb analysis at LHC already
requires the Higgs candidate to

T ZZ o
have high momentum to S - |
suppress backgrounds. T EmmmmmmmER a
— . . : T Ww .
°* H—Dbb analysis is well suited to = T et
bb P | L ._‘._. | | | | |

make interesting differential VH

measurements soon after !
observation. Eur. Phys. ]. C 79 (2019) 421
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http://dx.doi.org/10.1140/epjc/s10052-019-6909-y
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+ Effective Lagrangian with
dimension-six operators

added to SM.
* Opw =i(D*H)' 0% (DY H) Wi,

+ Consider operators which e Oyp =i(D*H)' (D'H) B,
modify H-W and/or H-Z o

Interactions. e Ow = % ( HT o4 DH H) D'W2,,

 Access to VH production via

H—bb allows direct
constraints on these
operators.

* Op=1% (HTDﬂH) 8” By .
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* Reinterpretation of same data used for ATLAS H—bb observation.

» First sensitive differential measurement of VH.
 Split WH vs. ZH and into several pt(V) bins.

 Constraints on EFT parameters largely driven by pr(V) > 250 GeV.

JHEP 05 (2019) 141

(% 2 4 -~ ATLAS Simulation - é - ATLAS VH, H—bb, V—leptons cross-sections: -
QQ - ] o . Vs=13 TeV, 79.8 fb™ ® Observed ==Tot. unc. == Stat. unc. _
x 3.5— =---7C,,=0.004 ] >m9 10° =  ==SM [JTheo. unc. -
s IR C,z=0.024 _ = , -
% 3L —-Ty- G =0.008 = . F V=W : V=2 .
—~ - —Cy=05 ] ImQ 2 __ : == __
Yol - : - 10 = ﬁ =
QQ 2.5 : - *_ — -H- T -
L : e o] @) — ! —— —
X ~ . : . — | -
T 21 T - 10 & P T —=
° i 5 . S j_ ” 1 =
_ F——= — | | | -]
1 5 E_--T :_—_l ,,,,,,,,,,,,,,,,,,,,,,,,,,, _ % 5 - e
1F A . 2 T + . * T *
: - - 2 ! - - !
- WH—Ivbb . ZH—(ll,vv)bb T g 0 @ r = -
0.5 7

Stephane Cooperstein MBI 2019
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 Angular separation between b jets decreases with increasing Higgs boson
momentum.

* Reconstruct H—bb candidate as a single large-radius jet and use jet substructure
techniques.

* Could significantly improve measurement precision in most crucial high-pr(V) bins.
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« Current EFT constraints from VH are dominated by statistical uncertainties at high
pr(V).

« Can expect significant improvement from inclusion of full Run-2 and Run-3 datasets.

At HL-LHC, experimentally cleaner decay modes (H—ZZ, H—yy) will also contribute

significantly.
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We are here (~5% of final dataset)
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* Direct access to Higgs self-
coupling A. & GTTTTTTy——>———g ——————- o

 Probe shape of EWSB
potential. 8 6606600 %—<—=——————- H

e Destructive interference =

small rate: .
. osw(HH) =33 fb @ 13 TeV. 6660000 Y H
b > _ L&
* BSM effects could {

significantly enhance o(HH). = 000000 H
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* A variety of
complementary final

HH) ~ 33 fb.
states to measure HH at osm(Hi)

¥
rarer

the LHC: - |
bb |33.6% RHH—oy B
WwW  24.8% (mn = 125 GeV) ;
* H—bb: highest BR but "
more experimentally i e 1.
Challeng1ng ZZ = 10”
l v |0.26%| 0.0% .

bb WW g9 T ZZ Y

 H—vyy: small BR but
excellent mass resolution.
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s (T T T T T T T T T S

& 20| ATLAS Simulation — o168

2o [ | rosowsoonn " <

+ 33.6% of total oy but challenging
large multijet background.

120~ 0.08

 Data-driven techniques to model

multijet contribution = large :
systematic uncertainties. i « o oI eI

1 1 1 1 1 1

60 80 100 120 140 160 180 200
lead

mz? [GeV]

0.06

0.04

0.02

35.9 fb" (13 TeV)
L O L B B B B LN BN e
EJ = CMS —— Data 3
w B £~ HH —>bbbbSM |

4
10 S E— Mixed data

- Total unc.

o/osy @ 95% CL 1

CMS
THEP 04 (2019) 112 <715 (37 exp.)

ATLAS
[HEP 01 (2019) 030 < 12.9 (20.7 exp.)

A eSS L L . ///////-(///
v 7
e Y 2 e A

0.2 03 04 05 06 07 08 0.9 1
BDT output
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http://dx.doi.org/10.1007/JHEP04(2019)112
https://link.springer.com/article/10.1007/JHEP01(2019)030
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« SMo*BR ~ 2.44 1fb.

o/osm @ 95% CL

e CMS: fit mt in cut-based

10

-
o
S

: CMS
< 30 (25 exp.
categories of m(1t) vs. m(bb). | piie. nett. B 778 (2018) 101 ( p-)
' prene TLRS s | <127 (14Bexp)
. . < . .0 exXp.
. Phvys. Rev. Lett. 121 (2018
« ATLAS: fit directly output of > 91801 P
multivariate classifier.
CMS 35.9 fb' (13 TeV) _ At
" 10°Fresolved 2b t 1 ¢ Data @ L ATLAS ¢ Data o .
% - channel " Ot ‘UE) 10* = 13 TeV, 36.1 b - ?g{p:ﬂ;ie)(p fmit =
o] 10°F Multijet L%’ = Thadthad 2 D-tags jet — 1, , fakes (Multi-jets) 7
- Drell-Yan = Z — vt +(bb,bc,cc) .
E& 10;_ W Other bkg. 10° ORI TR I jet — v, fakes (tt) =
o S [ SM Higgs boson = . gt;“i'r =
2 i N\ Bkg. uncertainty B o 'Q?rf 7
© Ll EE’» = ;b)SM?Ig 100 102 ;n;nfannn‘i grecfi:tzaéiground =
10~ — K = X :\\.\\\\.\A\.\.\.\.\.\.\E 3
A \n\n\-\-\\\\: —

1072

10_4 11 I 111 I 11 1 I 111 I 11 1 I 111 I 11 1 I 111 I 11 1 L1
e L L L L RN
B o - gy
10 5 D\t 15’ \\\\\ @\ \\\\\\\\\\\\\\\\\\\\\\*\\\\\\<§§§§§§\§§§§§§§§§§§§§§Q\§§§§%§
L1 | L1l | L1 | L1 | L1 | Ll M\\i\\\\u \\\\m{ % - | | | | | \\\\\\\\\\\\\ 1
0 50 100 150 200 250 300 350 400 450 500 & 0.55-—t e od o boslo s Dl b

m, [GeV] BDT score
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http://dx.doi.org/10.1016/j.physletb.2018.01.001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
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CMS 35.9 fb™ (13 TeV)
’914_IIII|IIII_| IIIIIIII |IIII|IIII|IIII|IIII
* 8 B pp—>HH—>bb'YY + Data

* SM G BR —~ 0109 fb- % 12:_ High-mass region Full background model
§ 10|~ High-purity category ~ ....... Nonresonant background
Lu L

. . . . B ——— SM HH signal (x20)
« Categorize events with multivariate : g

classifier and fit m(yy).

 Benefits from excellent experimental

L

N
—

resolution on m . T T
esolution on m(yy) i s
m,, [GeV]
§4.0_IIII|IIII|IIII|||||||||||II|IIII|IIII_
= - ATLAS — Observed limit .
. . T 350 T\ /s=13TeV,36.1 fp-! -—-- Expectedlimit
ch - I Expected limit +10 2
G/GSM @ 95% CL 'K)\ @ 95% CL % 3.0:— Expected limit +20 /
E E I B Theory -
: i 25 y
CMS : :
Phys. Lett. B 788 <19.2 (165 eXp') ['1 1517] 2'03_ A
20187 | )
ATLAS i
< N
oIl e 040 22 (28 exp.) | [82,132]
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http://dx.doi.org/10.1016/j.physletb.2018.10.056
https://link.springer.com/article/10.1007/JHEP11(2018)040
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* Sensitivity of individual channels differs, but combined HH
sensitivity similar between the two experiments.

. ~10 * ogu(HH)

Phys. Rev. Lett. 122 (2019) 121803 arXiv:1906.02025, submitted to PLB
-11.8 <k, < 18.8 @ 95% CL -5.0 <)\ < 12.0 @ 95% CL

T TrTrrT II T T T T T T T
CMS 35.9 fb' (13 TeV) ATLAS —e— Observed
L _ 4 e Expected .
bbVV Is=13TeV, 27.5-36.1fb W Expected = 1o
Observed 78.6xSM
Expsga’:d 88 8. SM L GSQ']WF (pp — HH) =33.5 b Expected = 20 _

Obs. Exp. Exp.stat. _

bbbb

Observed 74.6xSM HH— bbt*t 12.5 15 12

Expected 36.9xSM | |
— gg—HH HH—> bbBbb 129 21 18

bbtt L _

O 4xS _

Expotiod 2o heaM —e— Observed HH-> bbyy 203 26 26

ob — - —-- Median expected HH= WWWW 160 120 -

Obszxed 23.6xSM - 68% expected R N

Expected 18.8xSM 95% expected HH— W'Wyy 230 170 160

Combined HH— bbW*W’ 305 305 240

Observed 22.2xSM
Expected 12.8x SM

L | | | | | | | | [ | | | Comblned _ 69 10 88
6 7 8910 20 30 40 506070 100 200 300 400 = 10 — 1(')2 — 1c|)3 — 164 — ""'1'05
o SM
95% CL on o, /oM 95% CL upper limit on o_ (pp — HH) normalised to ojg"F
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http://dx.doi.org/10.1103/PhysRevLett.122.121803
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-58/
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* Sensitivity of individual channels differs, but combined HH
sensitivity similar between the two experiments.

. ~10 * ogu(HH)

arXiv:1906.02025, submitted to PLB

arXiv:1908.06765 -5.0<xy<12.0 @ 95% CL

= 90 | | | | | — - e .
[0) ® Data
Q) ATLAS —e— Observed
_ —1 B Top
8 40 - \/ege—c I‘:)?].TGV, 139 fb e g/g*ﬂets HF | " {s=13TeV, 27.5-36.1fb" i Eigggtgg » .
=~ X 1 Other -
% SR, SF+DF and no m,, cut HH (x20) - ogg"F (pp — HH) =33.5fb Expected = 20 .
Ij>j 30 - N Obs. Exp. Exp.stat. |
HH_> bBT+"IZ- 125 15 12
20 - HH-> bbbb 129 21 18
HH— bbyy 20.3 26 26
10 - -
=l HH— W'WW*W’ 160 120 77
0 | ' 4 HH—> WWyy 230 170 160
E 1_12'2 §.\ ' « \*\' \'\\\\\\' \\\\\'\I\ '\ § PlHee BBWW | Brand new result: < 40 (29 exp.) |
= 1.0 AN \\\#\ﬁ« - -
% 0.75 §§\ ‘ l \ - Combined +. | | 6.9 10I 8.8
05 | | | | | | L L Y Y L
Q 20 60 100 140 180 220 260 300 10 10? 10° 10* 10°
m,, [GeV] 95% CL upper limit on _ (pp — HH) normalised to ojg"F
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-58/
https://arxiv.org/abs/1908.06765
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 Extrapolations from current Run-2 analyses on 13 TeV
data to HL-LHC (3000 fb-1).

 ~4¢ sensitivity (ATLAS + CMS combination) projected for
end of HL-LHC using current analyses as baseline.

 ~50% precision on K.

arXiv:1902.00134

Statistical-only Statistical + Systematic

ATLAS CMS ATLAS CMS
HH — bbbb 1.4 1.2 0.61 0.95
HH — bbrr 2.5 1.6 2.1 1.4
HH — bbyy 2.1 1.8 2.0 1.8
HH — bEVV(llw/) . 0.59 - 0.56
HH — bbZZ (41) . 0.37 - 0.37
combined 3.5 2.8 3.0 2.6

Combined Combined
4.5 4.0
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https://arxiv.org/abs/1902.00134

EEEEEEEEEE

 Observation of VH production achieved with
Run-2 data, driven by H—bb channel.

 Beginning of era of EFT constraints from
differential measurements of VH production
observables.

* Sensitivity to ~10 * ogm(HH) achieved using
1/4 of available 13 TeV dataset.
* Only 1-2% of final HL-LHC dataset.
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EXPERIMENT

Vector boson fusion (qqH)
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* Order of magnitude

10 E smaller o than ggH but
f f experimentally distinct
102k - signature.
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/s [TeV]

FTTTT

 Two quark jets with large
An(qq) and large m(qq).
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O-lepton: Z—vv:

. Require large missing Er
(~150 GeV) back-to-back

with respect to H—bb
¥ candidate.

1-lepton: W—lv: 2-lepton: Z—1*1-:

. Two opposite-sign
electrons or muons.
o |M11 = Mz,pDG‘ <15 GeV

. pr(l) [50, 150] or > 150
* pr(fv) > 150 GeV. CGeV.

. Exactly one electron or
muon + missing Er.
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 Extrapolations from analyses CMS Projection \s=13Tev  SM gg — HH
on 2.3 fb'1 13 TeV data | EcPAeS2  — ECFATBS2: |
collected in 2015 to HL-LHC — Stat. Only
(3000 fb-1). - )
e [ 1.60

e Different scenarios: i ~

 No systematic uncertainties.

« ECFAIG6 52: reduced theory and
experimental uncertainties.

« ECFA16 S2+: including future Moven

Mnbb 0 . 40-

0.50
detector performance. B |
c,e o . Mbbbb I I 0 40_
) ~20 SenSItIVItY proJeCted for I T | | I T | I | | I T | | I T | | [ [ | I.| I T |
end of HL-LHC using 2015 2 -1 0 1 2 3 4 5
analyses as baseline. expected uncertainty

CMS-PAS-FTR-16-002
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