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Higgs boson measurements in Run 2
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So far, Higgs boson properties in agreement with the SM expectation

Bosonic (Run 1) and 39 generation fermionic couplings (Run 2) observed -
current precision on couplings ~10-30% (single-experiment)

2nd generation fermion couplings still to be

established

Goal for the future: improve precision
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Run 1: \s = 7-8 TeV, 25 fb”, Run 2: /s = 13 TeV, 36.1 fb”

Total  (Stat. only)

——— T
~Total [ Stat. only

Run 1 H—4/ 124.51+ 0.52 ( = 0.52) GeV
Run1H-yy | H——e——1 126.02 £ 0.51 (= 0.43) GeV
Run 2 H—4[ — 124.79 = 0.37 ( = 0.36) GeV
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Analysis procedures

Analysis of simulated samples with HL-LHC conditions and detectors
e Generally for new, or significantly improved, analyses

Extrapolations from Run 2 data to 3 ab-1

e Analyses that were already performed in Run 2

» Efficiencies, resolutions, fake rates assumed unchanged from the Run 2 values
* Main scenario YR18 systematic uncertainties (S2):

* Most theoretical uncertainties scaled down by a factor 1/2,
experimental uncertainties scaled down by VL until they reach a
defined lower limit.

» Scenario for comparison: using Run 2 systematic uncertainties (S1)

* |In all cases uncertainties due to the finite number of simulated events are
neglected

All results presented in this talk included in the report from HE/HL-LHC WG 2:
arXiv:1902.00134
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Combined Higgs coupling measurements

* Projection of combined measurements of Higgs boson couplings using data
collected in 2015-2017 (ATLAS) and 2016 (CMS)

« Covers all main production (gluon fusion, VBF, VH, ttH) and decay modes (yy,
ZZ, WW, bb, 11, uM, Zy)

. . . 3000 fb' (13 TeV)
Selection of projected input analyses | A 2 syt oot 51
CMS —— w/ YR18 syst. uncert. (S2)
Projection —— w/ Stat. uncert. only
ATLAS l%reliminary ATLAS PreJiminary
Projection from Run 2 data Sz Projection from Run 2 data Sz
Vs =14 TeV, 3000 fb” Total  Stat S Vs=14 TeV, 3000 b Total ~ Stat. Syst. 0 lept. — 0.05 (Stat); 0.06 (S2); 0.07 (S1)
. yst.
H—vy, |yH|<2.5 | H—tt |
ggF+bbH H=—H 1.00 +0.04 (+0.02,=0.03 )
F B o 8o, 00
| % S0 ~010) 1lept. |+———t+—i 0.05 (Stat); 0.09 (S2); 0.16 (S1)
VBF H—e—H 100 *31 (+0.04,2008 )
+0.05
VH |—|E|—|| 1002009 (£0.08, *0°%) VBF ,Eh 1.00=0.08 (£003,2007 ) 2lept. ——++H 0.08 (Stat); 0.09 (S2); 0.10 (S1)
top HE—— 1.00 *%% (+0.05,+006 ) | """"""""""""""""""""""""""""""""""""
| Total s Syst SM
| | I-‘O-ITotaI S‘tat I:lSyst‘ | sm | | ‘ ‘ 'Tl Oa‘ tat‘ D ‘ys | Combined—++— 0.03 (Stat); 0.05 (S2); 0.07 (S1)
0.8 0.9 1 1.1 1.2 1.3 1. 0.6 0.7 0.8 0.9 1 1.1 1. 13 14 15 16 T R R T B
(oxB)/(ox B)SM (oxB)/(ox B)SM 0 0.1 0.2 0.3 04 0.5

Expected uncertainty

H->yy HoTT VH, H=>bb
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Combined Higgs coupling measurements

Production cross sections
S2 (s = 14 TeV, 3000 fb™' per experiment

| Total ATLAS and CMS
—— Statistical HL-LHC Projection
—— Experimental
—— Theory Uncertainty [%]
Tot Stat Exp Th
cjggH — 1.6 0.7 0.8 1.2
OVBF — 3.1 1.8 1.3 21
OwH ——— 5.7 33 24 40
Oy — N 42 26 13 3.1
0ttH — 43 1.3 1.8 37

0 002 004 006 008 01 012 014
Expected relative uncertainty

Bre and B4y statistically limited.

BZZ
BWW

B‘C’C

Branching ratios
S2 Vs =14 TeV, 3000 fb™' per experiment

| Total ATLAS and CMS

Statistical HL-LHC Projection
—— Experimental

—— Theory
Uncertainty [%]

Tot Stat Exp Th

Il

26 1.0 1.5 1.9

29 12 15 22

!

28 1112 23

Ill

M

29 14 13 22

— 44 15 13 4.0

82 74 15 3.0

e 19.114.3 3.2 12.2

Expected relative uncertainty

Other branching ratios and cross sections dominated by theoretical uncertainties.
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Combined Higgs coupling measurements

(o] T.
. . e . 2 ] . . . .
Consider coupling modifiers kj: «; = gl K7 = F—Sjw . Dependence on partial width = coupling

modifiers depend on each other. J J
Here: effective coupling modifiers (loops in y, g and Zy coupling not resolved)
p

Kqk
. . . .. K _ 97
Can also consider ratio of coupling modifiers Aj 4ij = — with reference parameter gz =
) J KJ KH
$2 ___ Vs=14TeV, 3000 fb™ per experiment S2 (s = 14 TeV, 3000 fb™' per experiment
Coupling modifiers ' ' ' ' ' '
| Total ATLAS and CMS piing | Total ATLAS and CMS
—— Statistical . L
HL-LHC Projection —— Statistical } o
—— Experimental / . / —— Experimental HL-LHC Frojaction
—— Theory Uncertainty [%] Theory Uncertainty [%]
Tot Stat Exp Th . Tot Stat Exp Th
K, = 1.8 08 1.0 1.3 Ratlol§ of Kz = | 1.8 06 07 15
coupling
Ky = 1.7 08 0.7 1.3 . g —

= modifiers ng — 26 12 09 21
K; = 1.5 0.7 06 1.2 \ )\'tg — 3.4 09 12 3.0
Kqg = 25 09 08 2. —

g 5 21 )\'WZ — 1.5 07 0.8 1.1
Ki = 3.4 09 1.1 31 XYZ — 1.5 07 1.0 08
K. —— 7 13 13 32 —

b ——— 3 7\.12 — 1.8 09 1.0 12

— 1.9 09 08 15 —
T }“bz 31 13 13 26
w = 43 38 10 1.7 }\'MZ — ‘ 42 38 1.0 15
K 9.8 7.2 17 6.4
Zy : : . | \ 72 17 64 )\'(Zy)Z . . . | \Ig.s 72 18 63
0 002 004 006 008 01 012 0.14 0 002 004 006 008 01 012 014

Uncertainties on the K's 2-5%, apart from Zy
Mostly limited by theoretical uncertainties

DESY

Expected relative uncertainty

A. de Wit

Expected relative uncertainty

Uncertainties on the ratios of k's 1.5-4%,
With Ayzand Awz most precisely measured
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Differential cross sections

Projection of H=>yy and H->ZZ->4l differential cross sections

" CMS Projection 3000 fb' (13 TeV)

< Ew/ YR18 syst. uncert. (S2 S [mee—
% - ’ (52) Ao(pl'>600) /250 _ = [
(\D 1Eney. new » Ao(p? >200) /120 é_) ZE B
o) - Vogenis . 3 °
el - Ac(p!’ > 600) / 250 I —
~ 10 e
S $  Combination - 10— ATLAS Preliminary
N _ Projection from Run 2 data
§ - . e ey
10° 4§ H—bb TTTPTAL SRR ~  V{s=14 TeV, 3000 fb"
- . H—-yy+H—>ZZ >4l
; 0_3:_ LR - & HL-LHC No Sys
= ”; | I HL-LHC Sys. + Stat. (S1)
- 7 H-zz I HL-LHC Scaled Sys. + Stat. (S2)
cooo by by by by by b by
10 aMC@NLO, NNLOPS o 1.2
" Gg, from CYRM-2017-002 i I 1%
10_5 e b Lo bov o v b by v by vy [ 0'8 0 1 2 - 3
c >
.S 15__ NJet
kS, :
g B
g L B e B e B o B S H Uy Precision /
e - ~10o. . .
2 osC 10% for H Precision 5-15%
€ 0 15 30 45 80 120 200 350 600 =~ P1> 330 GeV, depending on
p" (GeV) Sta_hshcally Niet bin
T limited
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Differential cross sections: probing Higgs-self coupling

« At NLO Higgs boson production modes bab%
include contributions involving the trilinear s t
Higgs coupling = ttH most sensitive \\
H
* Focus on ttH, H=>yy using Delphes simulation 4 )* “““
/
« At 95% CL: -4.1<ka<14.1 & complementary to !
. . . . t
the stronger constraints from direct di-Higgs 56656566 AN
production (see talk later today!)
. . .. -1
- CMS Phase-2 Simulation Preliminary 3ab (14 TeV) _CMS Phase-2 Simulation Preliminary 3ab’ (14 TeV)
- I I b LA L L L L BN IRl AN
S ol el s b L e e :
Ib E _ﬂHﬂ_ I Leptonic .categories only : 5 :_ _______ Stat. uncert. only _:
o B 1|1 Expectation x, = 10 ! C ]
; - e T :;p‘f:“::o” .= : C Hadronic categories only ]
> I + €0. uncert. 4f— —
T | | 95% CL Leptonic categories only /
T : -
% o H: s Ky =1
% - (p" > 350 GeV)/150 GeV C ]
Ttz [ : 2 —
3 [ E N .
- 1Y <25 " """""""""" B 1
| Hesyy:p!>20 GeV, 'l <25 E " s8% oL -]
>=2 jets: pjT>25 GeV, Injl <4, at least one b jet E E E
10740 4|5 elo 12|o 2c|>o 320 910' —|5I 0 5 10 I15 20
P (GeV) K,
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Width

« Comparison of on- and off-shell rates in HZZ-4I can constrain the Higgs boson width.
Current constraint: F<14 4 MeV (ATLAS), <9.2 MeV (CMS)

+ CMS projection: 4. 17 I\/IeV ATLAS projection: 4. 17 I\/I Vv

« ATLAS prOJectlon of Run 1 analysis, larger theoretlcal uncertainties than in C+MS projection
« Assuming same sensitivity for ATLAS & CMS analyses, combined constraint 4.1 0 8MeV

3000 fb™' (13 TeV
3'5_ T | rr | rrT | T | rr | rr I T rr | [T T T IJ L T 1T 17T | T T T T | T 1T 17T | T T T T | T 1T 17T | I(I T |e L)
B S2 detZSOOO fb-1 s=14 TeV ] i CMS Projectlon |
3__ — No systematics _ 151 _
B Norm systematics ] — w/ YR18 syst. uncert. (f =0) !
L — Norm+shape systematics _ B al !
2.5 ] o w/ Run 2 syst. uncert. (f_=0) |
B - .-~ w/ Stat. uncert. only (f_=0) [
21 ] 10f ;-
: o
1.5 —
L N | B e = 5
- . - o _%weL S
0.5 arLas = I |
” Simulation N . N 68%CL _ . |
O_|||l||||||||||||| AT N NN 0|,,..|....|||\‘ L il TR BT
0 02040608 1 12141618 2 1 2 3 4 5 6 7
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Invisible decays

« Current observed (expected) limits on
Binv at 95% CL.: 3000 b (14 TeV)

N
o

e ATLAS: <26% (17%) g IC|M|S|P;‘a|s|e-.2| L L B B B B
S 18 Simulation Preliminary

.« CMS: < 22% (17%)

= Median exp. vs E:“ss

[ ] 68% exp.
[ ] 95% exp.
miss

A Median exp. smeared ET

16

« VBF production mode dominates
sensitivity = HL-LHC sensitivity studied
using Delphes simulation

—_ -k
N H

-
o

« With optimised selection: Binv<3.8% at
95% CL with 3 ab-" at HL-LHC

« Degradation of Etmiss resolution does not
impact the sensitivity significantly

« Combining with previous ATLAS
projection of VH channel, and assuming
both experiments would perform equally
well in both channels: Binv<2.5% at 95%
CL

II|IIII|IIII|IIII|IIII|IIII1
0 150 200 250 300 350 40C

Minimum threshold on ET'*° (GeV)

95% CL upper limit on ¢ x B(H— inv)/oS
»
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Summary & HE-LHC prospects

Physics reach in the Higgs sector will be
expanded at HL-LHC

* Per-cent level precision on most

nggs COUplingS SZ """" (s = 14 TeV, 3000 fb"1 per experiment
* Bin<25% @ 95% CL | Total ATLAS and CMS
. e —— Statistical i S
e Width measurable to within 1 MeV — Experimental - CHC Projection
. . . . _ Theory Uncertainty [%]
« Many inclusive measurements limited by Tot Stat Exp Th
systematic uncertainties = work needed  * = 1.8 08 10 13
from theoretical and experimental side to  «y =_ 17 08 07 13
reduce these Kz = 15 07 06 1.2
 Looking further ahead: HE-LHC Kg= | 05 09 08 21
« 15ab-1 at \/_ =27 TeV Ki=____ 3.4 09 11 3.1
* Ky precision expected to reach 2% K === 37 13 13 32
« {tH/ttZ ratio ~ per cent level precision Ko =— 19 09 08 15

« Reduction of statistical uncertainty in K
other Higgs coupling measurements Kz 198 72 17 64

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Expected relative uncertainty
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Coupling measurements in Run 2

Production and decay

ATLAS

Process Value Uncertainty [pb] SM pred. Significance

(Iyu| <2.5) | [pb] | Total Stat. Exp.  Sig. th. Bkg. th. [pb] obs. (exp.)

ggF 478 | 4.0 (£3.1 27 209 +1.3) | 44.7£22 -

0.77 0.39 0.25 0.14
VBF 425 | 077 (:0.63  *039 02 H14) 13515£0.075 | 6.5(5.3)
.63 . .2 . .

WH 189 |0 (0 03 B 0%) | 120440024 } P,

ZH 0.59 | %033 (jg;gg +0.14 008 20.11) | 0.794%003

ttH+tH 0.71 | +0.15 (10.10 +0.07 0 008 | 0.586*0-9% 5.8(5.3)

Branching Uncertainty

_ Value .

ratio Total Stat. Exp. Sig. theo. Bkg. theo.
SM +0.13 +0.08 +0.06

By/BSY | 108 | 013 (s0.08 008 1000 +£0.01
SM +0.15 +0.07

Bzz/BSY | 120 | 101 (2012 =005 100 £0.02

SM +0.07 +0.08

Bww/Bil, | 114 | £0.17 (£0.10 0.0 *$&7 +0.08
SM +0.29 +0.17 +0.13 +0.06

B /By LT 765 (io' I8 o6 ~0.09 ~0.05
SM +0.32 +0.19 +0.12 +0.19

Bou /By, 1.07 1 Z550 (—0.18 +0.14 -0.08 -0.18

ATLAS-CONF-2018-031
DESY. A. de Wit

CMS

Production process Best fit value ~ Uncertainty
stat. syst.

+0.14 +0.08 +0.12

ggH 122 Tyg, —0.08 —0.10
(FOILy  (£007y (009

—0.11 —0.07 —0.08

+0.30 +0.24 +0.17

VBF 073 Tg7 ~0.23 ~0.15
(1029)  (+024)  (+0.16

—027 —0.23 —0.15

+0.58 +0.46 +0.34

WH 218 Iyss —0.45 ~0.32
(1053)  (+043 +0.30

—0.51 —0.42 —0.29

+0.44 +0.39 +0.20

ZH 087  Top ~0.38 ~0.18
(1043)  (+038 +0.19

—0.41 —0.37 —0.17

+0.30 +0.16 +0.26

ttH 118 To3 ~0.16 —0.21
(1028)  (+016)  (+0.23

—0.25 —0.15 —0.20

Decay mode Best fit value ~ Uncertainty
stat. syst.

+0.29 +0.19 +0.22

H — bb 112 T ~018 —022
(+028)  (+018) (o021

—0.27 ~0.18 ~0.20

+0.26 +0.15 +0.21

H— 17 102 Tooy Zois o oo
(H024)  (£013) (4019

—0.22 —0.14 ~017

+0.17 +0.09 +0.14

H— WW 128 T —0.09 ~013
(+0.14) (+0.09) (+O.11

~013 —0.09 ~0.10

+0.19 +0.16 +0.11

H— 77 106 To1; Tois Toos
+0.18 +0.15 +0.10
(To1s)  (Coaa)  (Coos)

+0.18 +0.13 +0.12

H—= 7y 120 To1  Ton ~0.09
+0.14 +0.10 +0.09
(Cor2) (Fo0)  (Coor)

+1.25 +1.24 4013

H— up 0.68  Ti7% 124 —0.11
(+l.20) (+1.18) (+O.19

-117 ~117 —0.03

arXiv:1809.10733
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Coupling measurements in Run 2

Coupling modifiers

ATLAS

CMS

Bpsm = 0 Bgsm > 0, [ry| <1

Parameter (a) no BSM (b) with BSM : _ Uncertainty _ Uncertainty
= Parameter Best fit stat syst  Parameter Best fit stat syst
. 0.11 0.09 0.06 _ 0.08 0.07 0.04
Kz 1.07+0.10  restricted to kz < 1 TR N A
Com) (Cooe)  (Toioe) (o) (o) (Fooe)
K 1.07 £0.11 restricted to ky < 1 ~113 %08 R o ~100 5% TR o
w ' ' W = fw 012y (40.09Y (4007 kw 4000y (+0.00y (4000
(Corz2) Cowe)  Cowr) (Fo12)  (Gowe)  Coor)
Kp 097 +0.24 0.85+0- 13 098 014 4008 4012 102 +019 4013 +013
022 ~0.14 g i o8 o8 - G BB

K l 09 +0.15 1 ,05+0' 14 +0.17 +0.11 +0.12 +0.13 +0.08 +0.11
t -0.14 —-0.13 1.02 Tg47 -0.13 -0.10 093 7413 —0.09 —0.10
0.17 ' N e I G

+0. 0. 0. -0, -0, 0. -0,
Kz 1'02—0.16 0.95+0.13 117 5050 0% 0k 091 *oig  T0h o
Kb (H023)  (+018) (4017 Ko (F019)  (+013) (4013
K l 02 +0.09 098+005 —0.23 —0.17 —0.16 —-0.22 —0.16 —0.15
’ ol 008 w S DR m . Melh o R
+0.12 +0.10 Con2) o) (Fooe) (Ton2) (o) (Foo)

Kg I 'OO—O.I | 0'97—0.09 107 +014 4010 4009 0.96 009 006 +0.06
TS O T T W W
BBSM - < 026 at 95('70 CL (To12)  (Fooe)  (Fo7) (Toi)  (Fom)  (Coor)
080 T059  +056 4017 072 t050 4050  +0.00
« ©U Zo80  —081  —0.00 K, Je om0 —007
! (M) () (65 ! (M) () (56
ST
" ({650) (E080)  (F680)

U
(1630)  (FGa0)  (*G0)

ATLAS-CONF-2018-031 arXiv:1809.10733
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Important systematic uncertainties @ 3ab-1

ttb: NLO gen.

ttb: norm.

ttc: NLO gen.

ttc: norm.

ttc: PS & hadron.

ttlight: NLO gen.

shape tt+bb

ight-jet mistag NP 1

JES:NP 1

tt cross section

Aclo,,
-1 -0.5 0 0.5 1

2
Z

H

Projection from Run 2data ——— "/ §
ATLAS e e
Preliminary| whropeigene belimoaione
\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
-3 -2 -1 0 1 2 $
(8- 8,)/20
ttH, H=>bb
)
(dilepton)
DESY

ttb: NLO gen.
shape tt+bb
ttb: PS & hadron.
ttb: norm.
light mistag NP 1
b-tag: effic. NP 27
t3b XS
JES flav. Response
ttc: NLO gen.

ttc: ME reweighting

ATLAS
Preliminary

-3

Aclo,,

-06 -04 -02 0 02 04 06

t—o7§——2

7
=i
7
r_—g%—”

7

Z

-
EE e B

Projection from Run 2 data Pull .
—o— Normalisation
1 standard deviatior
ttH, H—bb (single IePlon) Prefit Impact on o
Vs = 14 TeV, 3000 fb" ////, Postiit Impacton &
b b b B b
-2 -1 0 1 2 4

(8- 8,)/A0

ttH, H>bb
(single-lepton)

ttZ: NLO gen.
fakes CR stat bin 4
fakes CR stat bin 2
fakes CR stat FSF
fakes CR stat bin 3
fakes CR stat bin 0
jet flav. composit.
pileup reweighting
fakes CR stat bin 1

muon scale

ATLAS
Preliminary

-3

A. de Wit

-0.1  -0.05 0

Aclo,

0.05 0.1

M

-0.4 -0.3 -0.2

V

ik

B

tau jetID eff.

tau jetReco

fake tau stat

tau in-situ calib.
luminosity

QCD scale ttZ XS
jet flav. composit.

JES PU

electron ID eff.

Aclo,,
-01 0 01 02 03 04

0
7
7
7

==

JES NP1
: %
PR Pull P ——a— Pull
Projection from Run 2 data Normalisation ATLAS Projection from Run 2 data Normalisation

1 standard deviatio Prelimi 1 standard deviatio

1tH, HoML (without 7) Prefit Impact on & ttH, HoML (with 7) Prefit Impact on &

Vs = 14 TeV, 3000 fb”! //// Postiit Impact on 6 reliminary Vs = 14 TeV, 3000 fb” //// Postiit Impact on 6

b b b B b b b b B b
-2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
®- 6,)/A8 ®- 6,)/A8

ttH, H->

(no 1)

Important systematic uncertainties related
to background modelling, tau ID

ttH, H->l
(with 1)
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Combined Higgs coupling measurements

Comparison of individual ATLAS and CMS contributions to measurement of

coupling modifiers and ratios of

coupling modifiers

Projected sensitivities similar for both experiments!
Small differences due to slightly different systematic uncertainty treatment

S2 3000 b

ATLAS and CMS [l stat. + Exp.

HL-LHC Projection + Theory

Bcwus

Patias

0.02 004 006 008 0.1 012
Expected relative uncertainty

0

DESY

S2

3000 fb™

Ratio of coupling
modifiers

~~

Coupling modifiers ~ 29

/ tg

gZ

Mz
A

vZ

A

tZ

ATLAS and CMS [l stat. + Exp.

HL-LHC Projection + Theory

Bcwvs

Patias

0

A. de Wit

0.02 004 006 008 0.1 012
Expected relative uncertainty
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Higgs couplings at HE-LHC

Coupling S2 S2'
k. 16 12
kw 1.5 1.0
k, 1.3 0.8
k, 22 13
k, 32 1.9
k, 35 2.1
k. 1.7 1.1
k, 22 17
kz., 6.9 4.1

DESY

Expected uncertainty on coupling modifiers
at HE-LHC, 15 ab' @ /s =27 TeV

S2’ theoretical and modelling systematic
uncertainties halved with respect to S2.
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Anomalous HVYV interactions

‘)

2 9
: 19;| "o O [ Y;
fg. = Pg, = arg\ — |-

2 2 2 2 2 27
91|01 + 92| 03 + 94| 0% 9

g1,2,3 interactions with gauge bosons, g4 interaction with Higgs boson
Can also characterise with az, az, A1 and Aq.
a2<>(Q2; az <> gs4—-> in the SM as/gs are 0

3000 fb" (13 TeV)
5?3 L ?.":I".'.I"'I"'I__' L AL AL BRI LI LI L I LN
< ,// AS lgtion Prehmmarny:SOOO fb' B CMS Projection 7
2 ' g sM
: . — On-shell + off-shell (I',=I';") -
1 — - — Only on-shell y
N w/ Run 2 syst. uncert.
0 - 4
................................................................... ® Standard Model =
=Modulus sensitive b
-R(g )/g1 sensitive =
/-_ 3(94 /g, sensitive =
" 68%CL ]
£ : :gg"z gll:-superimposed: 2
= { : oy ey Loy oy oy Ly T
0 0.2 04 0.6 0.8 1 1.2 o
Ig4|/g1 _______ e8%CL / _ _ —]
O|||||||||||||||||||| s v b b |l

-2 -15 -1 -05 0 05 1 15 2
4
f.g COS(d,5) x 10
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