—
"

LIU Kun (TDLI/SJTU)

on behalf of the ATLAS and CMS collaborations
2019.09.02

Y EXAAY OATLAS

SHANGHAI JIAO TONG UNIVERSITY EXPERIMENT



Outline

+ Brief introduction of Higgs boson at LHC

+ Higgs mass and width measurements
+ Higgs cross section measurements

+ Combined measurement of Higgs couplings

Recent updates on ttH and tH searches

Higgs to charm-quark pair and muon pair searches
Di-Higgs searches

Higgs to invisible searches

+ 4+ 4+ 4+ 4

Prospects at High-Luminosity LHC

+ Summary

Disclaimer: not covering all topics, this talk is going to present a few selected recent updates
since Corfu2018 conference.
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The Higgs boson production and decay at LHC

~ 8 millions Higgs bosons have been
produced per experiment (~200 per hour)

Higgs boson production at LHC

at 13 TeV centre-of-mass energy .,
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The Higgs boson observations timeline at the LHC

LHC
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ATLAS and CMS Run Il luminosity

i anl | | | | | | .
0 160— ]
—. pAILAS Vs = 13 TeV =
2140[—Preliminary =
8 - . Delivered: 156 fb™ _
S120 [LJLHC Delivered  Recorded: 147 10" i
% - | ]ATLAS Recorded Physics: 139 b R
3 100 :_ D Good for Physics _:
© 80 =
8 ~nk >
Eg QSOE? _E
© - E
5 40¢ :
— - -
20— =
O:: — R T R T R R -
36(\‘\6 ‘)\)\\\6‘33(\\\63\)\‘\6‘36(\‘\1 3\)\‘\1‘)&“\\% 3\)\“\3

Month in Year

uolelqied 61/2

Recorded Luminosity (pb~!/1.00)

6000 :
5000!|% s
4000
3000+
2000}

1000~

CMS Average Pileup (pp, Vs=13 TeV)

Run ll: <> = 34
2018: <u> = 37
2017: <u> = 38
2016: <u> = 27
2015: <> =13

BN

ol’ (13 TeV) =80.0 mb

Mean number of interactions per crossing

6000

15000

14000

13000

12000

11000

+ ATLAS and CMS experiments have successfully collected 140 fb-1 luminosity at
13 TeV centre-of-mass energy in full Run 2 period = Thanks to LHC machine !

+ Run 2 dataset has been used in stage for published analyses, i.e 36 / 80/ 140

fb-1.
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: PRL 114 (2015) 191803
Higgs boson mass measurement PLB 784 (2018) 345
JHEP 11 (2017) 047

The Higgs boson mass has been measured at 0.2% accuracy (Run 1 ATLAS+CMS):

- ~ CMS 35910 (13 TeV)

125.09 + 0.24 ( £ 0.21+ 0.11) GeV SARARARRR I RALARA T

Stat. Syst.
. >
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+ ATLAS Run 2 measurement in H=4ZZ—4land  5f
H—yy combination, using 36 fb-1 dataset:

124.86 + 0.27 ( +0.18) GeV N
Stat. only - — 4e
2:_—Combined
+ CMS Run 2 measurement in H—>ZZ—4l " ... Combined (stat. only)
channel, using 36 fb-! dataset: 15- """""""""""""""""""""""""""""""" ]
O_|||||||||||||||||||| |||||||
125.26 + 0.21 (= 0.20 + 0.08) GeV 120 121 122 123 124 125 126 127
Stat.  Syst. (GeV)

— this result is better than ATLAS+CMS Run 1 combination.

All measurements are in good agreement !
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Constraints on Higgs boson width

Indirect measurement from off-shell production
in H—ZZ—4l channel. Obs. limit on Higgs width:

+ ATLAS Run 2 (36.1fb-1): < 14.4 MeV
¢ CMS Run 1+2 (77 fb-1): [0.08, 9.16] MeV

= comparing to the SM

prediction: 4.1 MeV.
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Higgs cross section measurement

+ Inclusive Higgs signal strength from all analysis channels combination:
< ATLAS Run 2 (80fb-1):  u=1.1177¢ = 1.11 £ 0.05 (stat.) "7 (exp.) Tyn (sig. th.) +0.03 (bkg. th.)
* CMS Run 2 (36fb-1): u=1.17+0.10 = 1.17 £ 0.06 (stat) *{2 (sig theo) £ 0.06 (other syst)

+ Inclusive X-section measurement in yy and ZZ channels at 7,8 and 13 TeV:
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= Inclusive X-section measurements are in good agreement with the SM prediction.
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: : : . PLB 792 (2019) 369
Higgs cross section vs Higgs rapidity, pt aras-cone-2019-032

ATLAS-CONF-2019-029
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= Measurements are in good agreement with the SM predictions.
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Higgs cross section vs Higgs rapidity, pr

PLB 792 (2019) 369
ATLAS-CONF-2019-029

Higgs differential cross section measurement in H—yy and H—=»2Z—4l channels

Higgs differential X-section at low pr is

sensitive to Charm Yukawa coupling:
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-19,24] @ 95% C.L. (similar results in CMS).
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Higgs Simplified 'emplate <-Section measurement

Merged groups of Stage-1 bins

LIU Kun (TDLI-SJTU) Higgs cross section measurement
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Higgs Simplified lemplate <-Section measurement
EPJC 05 (2019) 141, CMS-PAS-HIG-19-001
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Measurements are in good agreement with the SM predictions !
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Combined measurement of Higgs coupling properties

EPJC 79 (2019) 421, ATLAS-CONF-2019-005
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Observation of ttH production channel
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+ ttH observation in both ATLAS and CMS in 2018 from combination of H—bb, yy

and multi-leptons channels with Run 1+ (partially) Run 2 luminosity.

+ With full Run 2 luminosity, ATLAS ttH (H—yy) has 4.9¢ observed significance.

14


https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://linkinghub.elsevier.com/retrieve/pii/S0370269318305732
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.231801
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-004/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-032/

ttH, H—bb channel evidence in CMS

+ CMS ttH, H—bb channel has
been updated to 80 fb-1
luminosity.

+ The Obs.(exp.) significance
is 3.70 (2.60) = Evidence

for ttH, H—bb channel !

+ The measured ttH, H—bb
cross section is in good
agreement with the SM
prediction.
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Search for tH production channel in CMS

+ tH channel is sensitive to Higgs-top Yukawa coupling sign.
+ CMS analysis combines H—bb, yy and multi-leptons channels.

+ 95% C.L upper limit on SM-like tH signal strength: 25 (12) obs.(exp.).

+ ttH+tH combination favours positive ki over negative by ~1.5 ¢ (4.00 expected).
35.9fb' (13 TeV)

40 T
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Search for H—cc decay mode (36 fb-1)

PRL 120 (2018) 211802
CMS-PAS-HIG-18-031
PLB 786 (2018) 134

g L T e CMS preliminary 35.9 fo' (13 TeV)
© 10* ATLAS - --- Pre-fit = e
= = (s=13TeV, 36.1 1" — Fit Result oL
7 - 2 c-tags, pZ 2 150 GeV BN Z + jets Exp.=79xSM
< B ot Obs.=83xSM
° 10°F . ZZ =
L A
I ZH(bb) ]
— ZH(cT) (100xSM) - 1L
1 02 Exp.=72xSM
Obs.=110xSM
10 oL
Exp.=57xSM
Obs.=93xSM
J= g Emy, R SR S S
. Combinatr o
E..) i%i g)ézi;?)igl\lcl [ 68°Z expe:ted i
% 0:8; l | L .|:I|95I°/oe>fpectled s
g 56080 100 720 140 160 180 200 0 >0 100 150 200
m . [GeV] 95% CL upper limit on u(VH,H—cc)
+ 95% C.L limit from ATLAS ZH(H—cc): 110 (150) obs.(exp.) x SM prediction.
+ 95% C.L limit from CMS W/ZH(H—cc): 70 (37) obs.(exp.) x SM prediction.
= Statistical uncertainty dominates !

Limits on H—=>J/VP+y, P(2S)y and Y(1S5,2S5,3S)y BR at 95% C.L (36.1 fb-1): 3.5x10-4,
2x10-% and (4.9,5.9,5.7)x104 — about 100, 500, 10° times the SM predictions.
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Search for H— uu decay mode PRL 122 (2019) 021801

ATLAS-CONF-2019-028

+ Obs.(exp.) limit from CMS (Run 1+ 36fb-1): 2.95 (2.16) x SM prediction.
+ ATLAS analysis has been updated to 140 fb-1: 1.7 (1.3) x SM prediction.

50fb" (7 TeV) + 19.8fb' (8 TeV) + 35.9fb™ (13 TeV)

s [/ C > 300 T A R T rrrrorrrrrrr A
n n o - ATLAS Prellmlnary - Data -
g 6 = B== Expected (background, 68% CL, 95% CL) >3 - IH —1> uSu/B e — Signal PDF =
S - --. Expected (SMm =125 GeV) S poof 09(1+S/B) weighte - Bkg. PDF 3
= S5 H kT - =
3 - o 150 —
1 4 S - -
© : 2 100f- =
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m
4y}
0 111 I I 1 11 I 1 1 11 I L1 1 1 I 111 I I 1 11 I 1 1 11 I L1 11 | 1111 | I 111 D _1
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= Statistical uncertainty dominates !
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Search for Di-Higgs production channel arXiv:1906.02025

PRL 122 (2019) 121803

8 GEEEEE6—>———————— H
+ HH channel is sensitive to Higgs self-coupling property.
+ Both ATLAS and CMS have performed HH searches P G W 5y
: 1 : ,
using 36 fb-1 luminosity datasets. P——— o
. . . . Ky 7
= Statistical uncertainty dominates ! b &
H AN
T 8 GEEGEE0T N H
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Self-coupling constraints from single Higgs production

A varied Higgs trilinear coupling effects not only
inclusive Higgs production/decay rates but also
their kinematics, through NLO EW corrections.
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ATL-PHYS-PUB-2019-009

ATLAS measurement as inputs (80fb-1):
- inclusive X-section for ggF, ttH
- STXS measurements for VBF and VH.

Constraints on self-coupling modifier
ka (A3/A5M) € [-3.2,11.9] @ 95% C.L.

— this result is comparable with direct
measurement from Di-Higgs channel
with 36 fb-1 luminosity.
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Higgs to invisible searches P12 (20101 221801
PLB 793 (2019) 520

+ Searches have been done in VH (and also VBF) channel by ATLAS (CMS).

+ This channel is sensitive to BSM phenomena that can be recast in Dark Matter
limits under certain assumptions (e.g H—DM in case Mpm < Mu/2).

+ LHC has the best limit for low mass dark matter in model-specific scenarios.
4917 (7 TeV) + 19.7 b (8 TeV) + 38.2 fb" (13 TeV)
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Towards to High Luminosity LHC (3000 fb-1)  ,.x.1902.00134

EPJC 79 (2019) 421

359" (183Tev) } Vs =14 TeV, 3000 fb™' per experiment

CMS ® Observed  Total ATLAS and CMS
-~ : == 1G interval — Statistical HL-LHC Projection
KZ —-— —-0-— — 20 interval —— Experimental
E B —— Theory Uncertainty [%]
B 5 BSM — 0 Tot Stat Exp Th
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Parameter value Expected uncertainty

= 2-4 % precision of Higgs couplings to W/Z, 31 gen. fermions, y/g and muon.

= Discovery for H=pyuy and H—Zy decays.
= H—cc :0/osmu< 6.3 from ATLAS Run 2 result extrapolation.
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Towards to High Luminosity LHC (3000 fb-1)

CMS-PAS-FTR-18-011

o CMS 35.9 b’ (13 TeV) o CMS Projection | 3000 fo* (13 TeV)
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= Uncertainties in the high Higgs pr region can be reduced by a factor of 10 (w.r.t
20-30% with full Run 2 dataset).
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Towards to High Luminosity LHC (3000 fb-1)

arXiv:1902.00134
AIL-PHY-PUB-2018-053

= 4-sigma evidence for SM di-Higgs production (3-sigma from each experiment).

= (Constraints on Higgs self-coupling property:
ATLAS and CMS HL-LHC prospects

99.4% cL S i |

At 95% C.L, ATLAS+CMS is
anticipated to exclude no
Higgs trilinear coupling with
full HL-LHC dataset.
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Summary

+ The major Higgs production and decay channels have been observed in ATLAS and
CMS using Run-1 and (partially) Run-2 datasets.

+ Higgs couplings to the 31 generation fermions, W/Z-bosons have been confirmed.
+ LHC starts to have sensitivity to Higgs couplings to 2nd generation fermion.
+ For Higgs physics, LHC has moved to precision measurement era.

+ ~5% of LHC designed luminosity has been achieved. High-Luminosity LHC will
<+ be able to access Higgs couplings with the 2nd generation fermions (y,c)
< sensitive to Di-Higgs production channel
< set strong constraints on Higgs self-coupling parameter
= Please stay tuned !
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Constraints on Higgs coupling parameters

Effective
. . . Production Loops Interference Resolved modifier
= Parameterisations of Higgs boson ’ modifier
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Higgs boson is a real particle !

mass =2.2 MeV/c2 =1.28 GeV/c2 B =173.1GeV/c2 0 =124.97 GeV/c2
charge % 0 0
spin Yo ] 1 ' 0 H
top ) gluon higgs
) =47 MeVic2 =96 MeV/c2 =4.18 GeV/c2 0
Yoy —y4 14 0
2@ (@ |- & ||
<
= down strange bottom photon
@4 J
=0.511 MeV/c2 =105.66 MeV/c2 | =1.7768 GeV/c2 =01.19 GeV/c2 w
=il 0 Z
@ |[® |5
tau Z boson 8 2
N ) 03
Z <18.2 MeVic? ~80.39 GeV/c? o
L m
O 0 +1 O
o « @ || V =1
|—
L electron tau W bosoh <L O
- heutrino heutrino heutrino Q) ";'

Higgs couplings with W/Z bosons and with the third generation fermions have
been experimentally confirmed — in good agreement with the SM prediction.

LIU Kun (TDLI-SJTU) The Higgs boson observation at the LHC
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Higgs boson is a real particle !

Higgs boson production at LHC

at 13 TeV centre-of-mass energy -
" gluon-gluon fusion  Vector boson fusion )
thi — r----- H
g ~88%
| | | |
Higgs associated Higgs associated
production with production with a |
| Vvector bosons top-quark pair |
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~ 8 millions Higgs bosons have been

produced per experiment (~200 per hour)

i Higgs boson decay modes
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