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’ The Higgs boson entered history five years ago

@ 4 July 2012: ATLAS & CMS announce
discovery of Higgs-like particle

PR > Phys.Lett. B716 (2012) 1-29 JYsTe|
o > 7300 citations each

@ March 2013: several papers on
properties
e new particle IS “a Higgs boson”
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@ December 2013: Nobel Prize in physics
to Englert&Higgs, ... which recently
was confirmed through the discovery of
the predicted fundamental particle, by
the ATLAS and CMS experiments at
CERN's Large Hadron Collider”
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http://dx.doi.org/10.1016/j.physletb.2012.08.021

’ Higgs boson production @ LHC

Production mode Higgs bosons

gluon fusion pI’Od uced in
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@ Factor 2—4 increase wrt Run 1
cross sections

18k (0.6%)

Yann Coadou (CPPM) — Higgs (SM and BSM) in ATLAS ai Corfu2017, 4/09/17 3/41



7 Higgs boson decay
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bb, 77: high yield, low S/B,
coupling to fermions

WW: high yield, low mass
resolution

ZZ(4¢), y7: high mass
resolution (full decay
reconstruction)

s11: very small yield, 279
generation fermions

@ Most Higgs boson decays accessible at LHC

@ All predictions fixed once Higgs mass known

@ Deviations = clear sign of new physics!
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v Run 1 legacy

@ Mass determined to 0.2% precision (stats limited)
@ Observation of gluon—gluon fusion and vector boson fusion

@ Observation of bosonic decays: H — ZZ, H — vy, H - WW

@ Coupling to fermions not fully established:
o H — 77 observed via ATLAS+CMS combination
o H — bb below evidence
o ttH not observed

@ Production and decay rates measured to 20-60%

. . . e
@ Tests of spin/parity favour spin-0, CP-even p= o
= Very SM-like, need more precision T
v
e
@ Shown today: only new 201542016 Run 2 results . + =
T T T T T T T I [ S
ATLAS and CMS i Total Stat. == Syst. VBF ——
LHC Run 1 Total  Stat. Syst Production process Measured significance (o) r
wss o o e | T e e -~
MS Hoyy = 12470 +0.34 (£ 0.31£ 0.15) GeV WH 24 L T
ATLAS H—ZZ 41 ——| 124.51£0.52 ( £ 0.52 £ 0.04) GeV ZH 23 uZH
CMS H2Z 41 —=— 125.59 +0.45 ( £ 0.42 % 0.17) GeV/ VH 3.5 | -
ATLAS/CMS 77 —— 125.07£0.29 (£0.25 £ 0.14) GeV 1tH 4.4 Koy o
ATLAS CMS 41 F————y 125.15£0.40 (£0.37 £ 0.15) GeV. Decay channel
ATLAS.CMS 77441 — 125,00 +0.24 (+0.21 £ 0.11) GeV. H-> 11 55 n ol
5 5 75 % o7 8 5 H — bb 2.6 Leddidus il
m,, [GeV] Parameter value
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http://dx.doi.org/10.1103/PhysRevLett.114.191803
http://dx.doi.org/10.1007/JHEP08(2016)045

'EDiscovery channel: H — ZZ* — 4¢

> arXiv:1706.09936 D (LA CONANT-GE

CMS 35.9 b (13 TeV) > T T T T T T T T T
> T T T I T > 60 . o Data -
© 15} [ ATLAS Preliminary .2, fiogs i - 12500 Gov) ]
(0} + Data o N . -z i
N 60 7] H(125) o 50 rH-2z _"‘” iV, VWV
P ] qg-22, 21 @ 13 TeV, 36.1 b /-Z+jets,t.i
8 50 - 09522, 2y g % Uncertainty
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@ Uncertainty on i reduced by factor ~2 with respect to Run 1

@ Starting to approach SM theory uncertainty
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http://arxiv.org/abs/1706.09936
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-043/

"Discovery channel: H — ~~

» CMS-PAS-HIG-16-040
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T = +0.15 _ -+0.11 +0.09 (o +0.06 7
o= L1650 = 1165010 (Stat) s (Syt) Zas (theo) — 0,99 *01 = 0.99 2313 (stat) *008 (exp.) *008 (theory)

@ Precision similar to ZZ despite lower S/B
@ Uncertainty on p also reduced by factor ~2 with respect to Run 1

Yann Coadou (CPPM) — Higgs (SM and BSM) in ATLAS ai Corfu2017, 4/09/17 7/41


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-040/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-045/

B CMS

Mass measurement

ATLAS: » ATLAS-CONF-2017-046
ATLASPreIim‘mary.‘ Total T syst
® H—~yand H— ZZ comb. fa= JaTet, 6.1t . "
. Total  Stat. Syst.
. . . LHC Run 1 ——— 125.09 +0.24 ( +0.21+0.11) GeV
@ Individual masses compatible to 0.40 |- i
H—ZZ* -4l —_— 124.88 + 0.37 ( £ 0.37 £ 0.05) GeV
. |
@ e/u sub-channels also compatible Hory 1251042202109 Gov
. L Combined I—E 124.98 +0.28 ( +0.19 + 0.21) GeV
@ H — v systematically limited

| L | L | !
124 1245 125 1255 126 126.5

my, [GeV]
CMS:
125.26 4 0.20 (stat) £ 0.08 (syst) GeV
° H —> zz on|y o.OMCM‘S R 3'5.9|h"(|3'TeV)
@ 3D fit to mye, mass uncertainty £ oo} ]
and ZZ background discriminator 2 o E
@ Kinematic fit to leading lepton Eé a0 _£:
pair 4-momenta = ~10% N Soass T
uncertainty improvement 0001 —4—
. 0002k $2,n10.009
@ Single channel measurement ook pzmiosts |
competitive with ATLAS+CMS o Jzhiees
Run 1 combination IR G%Jgngo(éoew
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-046/
http://arxiv.org/abs/1706.09936

" H — vy + H— ZZ combination: inclusive XS

100~ ATLAS Preliminary — 0 m,, = 125.09 GeV

pp—H

[ AHoyy 0H-ZZ*—>4l = QCD scale uncertainty
I & combined data B Total uncertainty (scale ® PDF+a,)
80

systematic uncertainty

Vs=7TeV, 45"
Vs=8TeV, 20.31b"

vl b by AR s L

or Y5 =13 TeV, 36.1 b
7 8 9 10 11 12 13
Vs [TeV]

@ Good agreement between SM prediction 55.6%:2 pb and observed

total cross section 57.0fg:8 (stat.) fg:g (syst.) pb

@ Uncertainties: experimental ~12%, theory ~5%
@ Run 1 = Run 2: theory precision improved by factor 2

ggH @ N3LO QCD + PDF4LHC @)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-047/
https://arxiv.org/abs/1610.07922

"Cross section by production mode

» CMS-PAS-HIG-16-040 » ATLAS-CONF-2017-047

CMS Preliminary 35.9fb" (13TeV) o T e e o T e
T T T T T PRy
. ATLAS Prelimina
Hoyy = combined + 1o ggF ..Eq TS =13 7oV, 361 b
L —&- Per process * 1o H“”'i :"d H(;sz‘ "‘”2
. e - i m, = 125.09 GeV, Iy, <25
ggH | 0 “Fom VBF I
[ 4015 |
Heominea = 116 “o1a H
Myge 0558 m, profiled w i Measurement o4
— — E Stat. uncertainty ‘
W | 2230 [E—— Syst. uncertainty [ |
L - an = - SM prediction ]|
a1 L |
My | 23% PR R RS B I
I I I I | -1 0 1 2 3 4 5
2 E 2 N 6 & Cross section normalized to SM
i

@ Shown: signal strength p; = w”m (assuming SM branching
fractions)

@ ggF very consistent with SM

@ VBF excess in ATLAS (both H — vy and H — ZZ): SM
compatibility p-value 5%
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-040/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-047/

/ Simplified template cross sections (STXS)

@ Proposed in LHC Higgs cross section WG

@ Extend signal strength approach, splitting phase space into mutually
exclusive “production bins”, with |yy| < 2.5
@ Agreement between ATLAS, CMS and theorists on bin choices:

@ maximise experimental sensitivity
e minimise dependence on theory assumptions

= use experimental categories to measure cross sections in
production bins

Stage 0(*):
(EWggH) (H+ leptonic V)
oo | BN [ e | [ e ]
(Run1-like)
qg — ZH
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https://arxiv.org/abs/1610.07922

STXS stage 0

Untagged

@ Different contributions in

VBF-tjet

different experimental —_—
. tagged
categorl es Hnaaa ., 204X

VH-leptonic
tagged
VHEP®
tagged

0.11 expected OVCW"
e —— |
1iH tagged [EUEIRREE 1

H — ¥y » CMS-PAS-HIG-16-040 0 01 02 03 04 05 06 07 08 08 1

signal fraction

CMS preliminary 35.9 fb' (13TeV)
T T T T T (_;_I'd_g, 35.9 b (13 TeV)
Hoyy —m— Per process + 1o ! T
| | o = 12000 H-2Z" >4l
Oggh’ Omeo = 1:20.520 . Iyl <25
w019 icti Wl <2
ggH 105 51 . SM Prediction stage-0 subprocesses
VBE _ . m, profiled n - m, = 125.09 GeV
0.6 55 Ll H Oygr / Oy = 004755, 1l SM prediction
ttH | 223 =
L — o =0.002%
WH leptonic | s.172 —— S T = 00000
B w08
ZH leptonic B 00y, W—i || o O 0,002
VH hadronic | 4.1:¢ e
1 1 1 1 1
-2 2 4 6 8 G,/ Gpey = 000710
Sprod/ iheo L

1 L 1
0 05 1 15 2 25 3
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-040/index.html
http://arxiv.org/abs/1706.09936

STXS stage 1

@ Merge categories that are statistically limited

» ATLAS-CONF-2017-047
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> 21t VBF cuts.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-047/

7 STXS H — Y + H— ZZ » ATLAS-CONF-2017-047

@ MVA to separate production 9g-H 0400

ATLAS Preliminary

#

. Vs=13TeV, 36.1 fo"
H (1-jet, p" < 60 G M
modes 99-2H (riet, py <60 GeY) E Hosyy and H—ZZ2' 41
9g-H m,, =125.09 GeV, ly, [<2.5
(1-jet, 60 < p <120 GeV) H

@ Both absolute and normalised ogoH

(1-jet, 120 < p' < 200 GeV) EE—‘ B, /B,
.. o
to SM prediction o i e B—= | &
gg—H (> 1-et, p* =200 GeV) F—Eo=——  Rationomaized to Sh
H H Haq (o). 2200 GeV) .
@ Small ex nin 2- + 99 Haa
Small excess see jet ey |y s
M Stat. uncertainty
events (both H — v and J— —=—— o
M
H — Z Z ) 99/qq—ttH }—B—i‘ = ) ) s:m pvedic(i‘cn lI
40 1 2 3 4 5 6
o, x B,, normalized to SM
8 FE gt ATLAS preliminary e Data J
s b \s=13TeV, 36.1fb" " .
o5 . qq—Haq
o - g, et VY AN H2Z pco0Gev NN SM
& 10 pl<60Gev My=125.09GeV, | <2.5+ -
X |
6 | —_ =
99—H, 2 2-jet _
— . H < 200 GeV —
gg—H, 1-jet P <200¢ +
1 & % 60<p < 120 GeV or VBF-like /AT gt __|
praes g9-H. 10 2200 Gov 3
1 120 < ptf < 200 GeV T —
[ +9q—Haqq |
8 P, 2200 GeV

Simplified template cross section measurements
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-047/

B CMS

Differential measurements

I

» CMS-PAS-HIG-17-015 » arXiv:1706.09936 » ATLAS-CONF-2017-032

CMs . 39 fo (13 TeV)

CMS Prelimina .9 b S T £ F anaseeinnay ——om
_ : ‘ ry ‘ 35.9 tb (13TIeV) é i ] ™ E [ Syst. uncertaintes.
& Hovy o ! ©ONNLOPSK-TLaXH
= ek [—— ] = e [
> S S g HPONHEG) + XH APk - 147, 4%
g 4 o ps—_— 1ok 550 XM= VB + VH + 1H (POWHEG) ] NN xH = VB WH:ZHutHaooH
F — — g s R
0°F . [T , 0> 30 6oV, et <25 | vl MGS P - 554 —|
- 3
10 f % \ E .
............ = 1 : 10 E 4] 3
R S E uf. [
1= — ot
K , - ¢ . ﬁwwmm“mmf
§ b T I H § "Cha...1 I ]
| —= = £
£ os) = l- - L_j ] 8 osf B
2 o i H 2 0 1 2 23 ) 1 2 EJ
{(n<25) N(jets) N

o Targeting ggF, with H - yyand H —» ZZ
@ Njets: sensitive to production mode composition and gluon emission

@ More and more differential variables being investigated: pt of leading
associated jet, |y~ |, [Ayy, |, | cos0*|, mgag, ...

1
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-015/index.html
http://arxiv.org/abs/1706.09936
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-032/

"Differential measurements: Higgs boson pr

Large pr sensitive to:

@ perturbative QCD
predictions

@ new heavy particles
coupling to the
Higgs boson

@ modifications of top
Yukawa coupling

» JHEP 1703 (2017) 115

do/dp+(H) [pb/GeV]
10

ggH&@LHC 13 Tev NLL+NLO
My=125 GeV

50 100 150 200 250 300 350 400
pr(H) [GeV]
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http://dx.doi.org/10.1007/JHEP03(2017)115
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-015/index.html
http://arxiv.org/abs/1706.09936
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-045/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-032/

Differential measurements: Higgs boson pr
Large pr sensitive to:

. CMS Preliminary ~ 35.9 fb™! (13TeV) 5 [arias Praiminay »«J:y,ﬁi‘: Tov, aiul
@ perturbative QCD A TR ir | .
H H oun 90H MCBNLO + WX g —H default MC + X
predictions ERUS N J B et
B I £ o [T~
° %3 -
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coupling to the 10eF - L =
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ps :
B o = o ]

@ modifications of top
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g s F e Lo - 25
: g oo v
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s EL b
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002 |{ 4
107% b 2
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http://dx.doi.org/10.1007/JHEP03(2017)115
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-015/index.html
http://arxiv.org/abs/1706.09936
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-045/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-032/

» YR3 arXiv:1307.1347

2 §M T
o(i > H—- f)=«; m 3(:Ms Preliminary 35.9fb! (13TeV) 2(:Ms Preliminary 35.9 fb! (13 TeV)

K2TSM » CMS-PAS-HIG-16-040 H — ~~

0~ 10
3
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=3

1- Best it

varied fixed to 1 (=SM)

KH H < my, profiled
k's computed at LO in SM R
Kk's other than those

Kf VS. Ky: loops resolved -

(aSSUme SM structure “b 02 04 oa 112 14 16 18 270 12 14 16 18 2
only)

rf < 0 excluded at more wespr s r paomrmsarssaae
than 95% CL R oD B ]

------- Combined 95% CL

Ho>yy 68% CL m,, = 125,09 GeV' 1.2 m,, =125.09 GeV
K}g VS. K'/»y: Capture extra 15| wrvieee HosZZ' -1 68% OL 4 e
loop contributions ‘ 3
. F B 09F
= could see new physics , 3
in loops o ]
07 08 09 1 1.1 12 13 1.%
v

Well compatible with SM
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http://arxiv.org/abs/arXiv:1307.1347
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-040/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-047/

’ VH(—> bb) analyses

e H — bb dominant Higgs boson decay mode (58%)
@ Best accessible via VH — ¢0'bb with V =W Z, ¢ = e, pu,v = 0/1/2

charged leptons

@ Tevatron's most sensitive channel (2.80) at 125 GeV
@ Run 1: ATLASH+CMS 2.60 (3.70 expected)

@ Just luminosity increase not enough: already systematics limited
=- Hard work on objects, mass reconstruction, bkgd understanding,

pileup handling, MVA (BDT in both ATLAS and CMS)

» CMS-PAS-HIG-16-044
CMS Preliminary \s=13 TeV

> R e R e e SR L aes o
& so00- M,=125GeV |
3 —e— Ater Regression
~ 4000 =~ Before Regression —|
7] PEAK =119.9
2
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q>) 3000~ PEAK =111.1 —
w FWHM = 40.8
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1000~ *

%0 100 150 200 250

M,, [GeV]
Yann Coadou (CPPM) — Higgs (SM and BSM) in ATLAS ai

Arbitrary units / 5 GeV

> arXiv:1708.03299
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http://dx.doi.org/10.1103/PhysRevLett.109.071804
http://dx.doi.org/10.1007/JHEP08(2016)045
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-044/index.html
https://arxiv.org/abs/1708.03299

“VH(—> bE) validation: VZ(— bE)

@ Validation of performance and systematics understanding on

VZ(— bb) with dedicated BDT

» CMS-PAS-HIG-16-044

10° = CMS
Preliminary
1s= 1atey,L=as0ts' [ V206

[ eckarouns % Bkg. uncert.

Entries.

¢ o — vz(bF)

ol ol ool 3l ol ol ol

T [T T TP T

Data/MC(B;

@ signal strength:
uyz =1.02+0.22

@ significance: 5.00 (4.90 exp)
Yann Coadou (CPPM) — Higgs (SM and BSM) in ATLAS

> arXiv:1708.03299

Events /0.25

Pull (stat.)

! ' T S Data
ATLAS . VZ — Vbb (u=1.11
Vs=13Tev,36.1 b =

it
0+1+2 leptons o Single top

Multijet
243 jets, 2 b-tags . Wi (bb,bo,cc,bl)
Wicl

Wil
1 Z+(bb,be,ce,bl)
- Zscl

z4l

S

0 05
log, (S/B)

25 -2 -1.5 -1 -0.5

@ signal strength:
pvz = L1 (stat) 32 (syst.)

@ significance: 5.80 (5.30 exp)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-044/index.html
https://arxiv.org/abs/1708.03299

’ VH(—> bb) evidence

» CMS-PAS-HIG-16-044 > arXiv:1708.03299
Run 2: —
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R
T
i
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-044/index.html
https://arxiv.org/abs/1708.03299

’ VH(—> bb) evidence

» CMS-PAS-HIG-16-044 » arXiv:1708.03299
Run 2: _

L cms
£ Preliminary
s atev,L=asor [ vHen)

¢ om s ] e A

ATLAS

Events /0.25

o ATLAS 3.50 (3OU eXp) E [ seckarowa 7 2w (5= 13TeV, 36.1 fb
= 0+1+2 leptons
E 243 jets, 2 b-tags
@ CMS: 3.30 (2.80 exp) -
10 E
Run 1 + Run 2: : ]
10 |
@ ATLAS: 3.60 (4.00 exp) ‘e
150 5
+0.21 g s
#=10.90 + 0.18(stat.) " o (syst.) 3 2
R g 2
g E
05,35 5 25 & s T io’ﬁts/sy < . . E -0‘.5 ] 6(5/;5
. 0g og,
) CMS 3.80 (380' eXp) 35917 (13 TeV) °
=1 06+0~31 CMS Preliminary ATLAS VK, Hibb) 1513 Tev, 361 1o
ll, = 1. —0.29 pp — VH; H—> bb
N Combined ju = 1.2+ 0.4 —Total  —Stat. (Tot.) (Stat, Syst.)
35 12F amas T T g T ZH(bb) WH et 135 95 (04, %0%8)
3 5= 137TeV,36.1 10" = ;L;‘::’" (1=1.30) W= 09£05
= 10| 0+1s2/eptons It |
2 203jes 2btags "“"""Y WH(bb) ZH o 112 9% (95, %%)
& gf Weigheaysn Dijet mass analysis
o n=17£07
8 oot oL [ 045 03 (93,793
=) 14200505 =
é’ L Hemt 143 08 (93.793%)
> 1 lept.
K w= 1906 2L Fe—mt  1.90 07 (95 w0%
o
z 2lepl. Comb. Hou 120 98 (3%.%%)
| T T T TV T T I peEE . s B BN B S S
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-044/index.html
https://arxiv.org/abs/1708.03299

CMS,
» CMS-PAS-HIG-17-010

Inclusive boosted H — bb

@ Look for ggF with H — bb in single large jet (double
b-tagged), recoiling against high-pr ISR jet

@ pr(H) > 450 GeV (background rejection, more sensitive
to new physics)

@ First observation of boosted Z — bb

35.9 fb" (13 TeV)
T T T

8000[ ! ! ! ]

OMS oy E N

reliminary doubleng 09 ol e = 3.
i

-T?(all Background

35.9 b (13 TeV)
16

3 CMS  Preiiminary

» Data

Events / 7 GeV
-2 Alog L(data)

g 1 05
g +-A—~3':*+ et _,_‘;
g; S 60 80 100 120 140 IGOmTS(UGES)O u
'sD H
H H no pr corrections Z
Observed best fit uH=23"% ul, =32732 uZ =0.78%0%
Expected significance  0.70 (uH =1) 050 (uj; =1) 580 (uz =1)
Observed significance 1.50 1.60 5.1c

Yann Coadou (CPPM) — Higgs (SM and BSM) in ATLAS anc

Corfu2017, 4/09/17  21/41


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-010/index.html

CMS

H — TT observation » arXiv:1708.00373

@ Run 1: observation only via ATLAS+CMS combination

@ Use ey, eThad, [4Thad, ThadThad decays, categorised in 0-jet, VBF (at
least two jets with high mj;, Anj;;) and boosted (the rest)

o First single experiment observation of H — 77

35.9 b (13 TeV) 35.9 b (13 TeV)
B Rl L L B I S > 1800 T T T T T T T T T T T I T T T T T T
> F T ]
& . CMS TEE ~# (Obs. - bkg./bkg. [0} t CMS B 40 +4-obs.-bkg. ] J
>10 14E — (Hooo)ibk 1600 -
o 1 527)ibkg. < F a0 ]
i Bkg. unc./bkg. @ [ - . — ot 1
108 o T 1400+ Ovserved 20) E
o ) ' — oo ue1.09) |:|nkn. we. | ]
02 3 F 10 1
10A 0f - ki 7’.35. . [0} 1200__ Zotr E
log, (S/(5+8)) 8 F W wejets - O 1
E 1000-_ ‘QCD multijet 3
10° k=) [ oters -10 ]
() [ [ eg. unc. TR E
. = 800p e 1 0 50 100 150200250300 ]
4-Observed %% Q 600F Lo Odet: 7,7, m;; (GeV) 4
10 @ Wes (Q 400:_ i VBF::,':T‘ B
en — Hotr (1=1.09) (2] F | Boosted: 7,7, ur,, et,, en J
Bkg. unc. 200F %
P g S S S S Eoovwn v o v Ty Ty
-3 -2.5 -2 -15 -1 -0.5 0 0 50 100 150 200 250 300
Iog10(S/(S+B)) m.. (Gev)
7 Obs. Exp.
0.27 .
Run 2 1.0970356 490 470 (see A. de Maria for ATLAS)

Run 1&2 0.98+0.18 590 5.90
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http://arxiv.org/abs/1708.00373
http://dx.doi.org/10.1007/JHEP08(2016)045

p Looking for ttH

@ Run 1 ATLAS4+CMS combination: p = 2.31“8:2, 4.40 (2.00 expected)
@ Already several single analyses around 20 expected sensitivity

@ More full Run 2 results expected soon

@ Evidence in ML/H — ~~. Observation of ttH just around the corner?
ATLAS CMS

i obs (exp)

H — bb

Multilepton

Thad + X

H—y

H— zZZ

@ ATLAS H — v o CMS ttHT

e CMS H — vy CEEZSEIEETTD o CMS ttH ML CEEFEIIEETD

o ATLAS H 77 CONSEETE o CMS 1+ CEEISIEETD

@ CMS H— zZ (see C. Wang for ATLAS 3/)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-045/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-040/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-043/
http://arxiv.org/abs/1706.09936
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-003/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-004/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-005/index.html

’ Beyond the standard model Higgs bosons

Because one SM Higgs
boson is not enough!

Yann Coadou (CPPM) — Higgs (SM and BSM) in ATLAS and ¢ Corfu2017, 4/09/17 24/41



-~/ BSM Higgs scenarios

@ Decays

e From Run 1, branching fraction to BSM
decays only constrained to < 34% at 95% CL
(assuming ky < 1) [ ——

o If new particles too heavy, deviations in Higgs ™"
decay properties may be only place showing
signs of new physics

o Could have enhanced decay rates to known ]
modes, decay in forbidden channels (LFV), to T IR
BSM particles (undetected dark matter, light oo
scalars, ...)

o Additional Higgs particles
o only one Higgs doublet (SM) or more complex Higgs sector?
o additional singlet: h, H
o two Higgs doublet models (2HDM): h, H, A, H*
o two doublets + singlet model
o SM doublet + triplet models: H*+

@ Heavy resonances decaying to SM Higgs boson(s)
Yann Coadou (CPPM) — Higgs (SM and BSM) in ATL Corfu2017, 4/09/17 25/41
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http://dx.doi.org/10.1007/JHEP08(2016)045

y BSM A/H — T7T » ATLAS-CONF-2017-050

> T . > — o
@ In MSSM (and all 8 10 TSR R e et S
P TipTrag D-VeIO P ThagThas D120 =
2HDM type 1), 5 =l 5
w = A+H (300) w
enhanced heavy Higgs She
couplings to
down-type fermions
(1, b) for large tan 3 g st e 8 S -
§ Oty T— g 0 g — +
e E 5L i £ -5t E
o Target ggF (be) with & 70 00 200 300 2 200 300 400 500
. MmNt Thague ET°0) [GeV] mNz, T ET) [GeV]
b_J et VetO (b_tag) T (Tiepr Thadwis ET T Thad-vis Thadvis' ET
E ATLAS Prelimin‘ary ‘a1Lab 2015 - Observed ? ATLAS Preliminary T attas 2015 — Observed
g = 10F Vs-13Tev,36.1 10" -- Expected = V=13TeV, 36.1 10" - Expected
3 - 795% CLlimits o hMSSM scenario m:io
T gluon-fusion +20 60 HIA - 1195% CL limits. +20
cee- G =h/AJH <
@
g CQ
g b o 40|
Cee- O=h/A/H
20|
9 b
o U se 7—|ep Thad an d 5(‘)0 10‘00 15‘00 20‘00 560 10‘00 1500
m, [GeV] m, [GeV]
ThadThad Channels ’ g
o Measured in several scenarios (hMSSM, m{"9*)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-050/

» arXiv:1707.04147

* Data
— Background-only fit

Events /20 GeV
2

@ During early Run 2, various
high mass v excesses triggered 10
high hopes for new physics

Spin-0 Selection
\s=13TeV,36.7 fb"

hod vvod cowd o ol o

@ Improved photon ID, calibration 00
2 5
@ No serious excess in full dataset g o
5 s
I o
)
'g‘? -5l
ATLAS Vs=13TeV,36.7fb"  Spin-0 Selection S0 0 s oo 200
X 10 3 T E T T T T T
= o° [ —— Observed CL, limit ATLAS
£ 25 W 102k ---- Expected CL_limit 15 =13TeV, 36.7 b
> § E I Expected + o Spin-0 Selection
~ > L Expected + 26 NWA (I'y = 4 MeV)

107

95% GL Upper Limit on o, x B [fb]

T T T T

0

500 1000 1500 2000 2500 A P R R R R
my [GeV] 500 1000 1500 2000 2500
m, [GeV]
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https://arxiv.org/abs/1707.04147

7 BSM H — ZZ

» ATLAS-CONF-2017-058

e H— ZZ — 4¢/tlvv (ggF and VBF)

@ Two local excesses around 240 and 700 GeV

(3.60 local, 2.20 global) in 4¢ channel
(700 GeV excluded by ¢lvv)

o Combined: mild excess around 700 GeV (20

local, < 1o global)

@ Interpreted in narrow and large width
scenarios, 2HDM type | and Il

10

m, [GeV]

nn Coadou (CPPM) — Higgs (SM and BSM) in ATLA

iy T T T Q.
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[ Other backgrounds
Uncertainty

Data
Prediction

400600 800 1000 1200 1400
mZ [GeV]

Corfu2017, 4/09/17  28/41
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"Singly/doubly charged Higgs bosons

ATLAS Preliminary SR1P2L (e'iut)

@ No full 201542016 statistics analyses
. s=13TeV,36.1 fb" N
yet for charged Higgs bosons Yo e — o

@ Only recent publication: CMS VBF e
fermiophobic H* — WZ with 15.2 fb~!

@ Doubly charged Higgs

HEEHFF — gt 0t~

e 2/3/4( signal regions () [Ge]

e No evidence of signal

(]

Events
(42
o

Data/SM
o -
(SIS TN
%
\
o
=1
n
=
1=

oy
Limits around 800 GeV, and still above = FL’?S%”?}'“""EW 3 :5;’;‘;?52‘3,9;5/,%{
450 GeV with & B Eopected i 20
—— olpp— H'H)
Br(Hii — €i£i) = 10% %‘; ------ o(zzaH‘Hﬁ)

ATLAS  Preliminary + data %% total SM
V5=13TeV, 36.1 fb" Drell-Yan [ diboson
[ fakes o

Events

a \— | 1 1 1 | L \\ L
‘\ % o : 300 460 500 600 700 800 900 1000 1100 1200
h K3 . 1 rY L7
odf l e i % m(H=) [GeV]
T6 I T L ‘ See also TR
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http://arxiv.org/abs/1705.02942
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-053/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-036

BIBSM X — HH

@ Analysed many final states
o With 36 fb~%:

bblv iy
bbrT
bbyy

L) > CMS-PAS-B2G-16-026

@ Look for resonances

@ And for SM non-resonant HH production:
o/osm 95% CL (exp)
CMS

3 ATLAS
bblviv

bbrr
bbyy
bbbb
WW -~

< 117(161)
< 342(308)

CMS Preliminary 3591'(13TeV) . CMS Preliminary .9 fb (13 TeV) 23360 (13TeY
& = T 3
0° - Pp—>X—sHH->bbyy (Spin-0) i Pp—HH->bbyy =0z =0;= 04 cmMs ——— bBivlv (CMS-PAS-HIG-17-006, 36 f5") E
10°E" —e— Observed 95% C.L.limit -~ Expectad 95% C.L. mit 16} —— Observed 95% G.L. imit o
bt (arXiv:1707.02909, 36 )
Expected 20 4 9 _F ...

W Expected 1o
-~ Bulk Radion, Ag = 1 TeV

Expected 95% G.L. imit
I Expected + 1o

Bulk Radion, A =3TeV |

bbb (CMS-PAS-HIG-16-002, 2.3 o'}

Expected + 20
\

bbb (CMS-PAS-B2G-16-026, 36 fo')

bbyy (CMS-PAS-HIG-17-008, 36 fb”)

[0 Theory Prediction (x, =

I ey Prim (-2

6(pp—X) x B(X—HH-bbyy) [fb]
(pp—>HH)xB(HH->bByy) [fb]

—Observed _|
-+~ Expected

300

400 500 600

700 900
Resonance Mass [GeV]
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http://arxiv.org/abs/1708.04188
http://arxiv.org/abs/1707.02909
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-008/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-16-026/index.html

'EZIBSM Higgs to invisible

35907 (13 TeV)
\6
>10Ill‘II‘HILQ—InI“HI“IH
CMS Preliminary [ zvv)sets
monojet [ wivysiets
B wwwzzz 1
B o e
[ zvon. vsiets E
[Jaeo

= Higgs invisile, m, = 125 GeV

@ Higgs decay to undetected dark matter

@ Monojet: ggF + extra jet

@ Requires good understanding of
missing transverse momentum

—— Axialvector, m__ =20TeV

E ATLAS Preliminary =0aia ~_ oo
Vs=13TeV, 36.1 10" - it
e ee+up = mg::le:ssu. ”
k) <ee. DM(m,,m,__, =100, 500 GeV)x0.27 10
s — ZH(lI+inv) with BR(H-inv)=0.3
& 102
g "
o .
= :§1“?‘;§: e
g o | | L j::é: ]
g'ztl[\tl‘\ll‘\ll‘\ll‘\ll
o g
S - S O___,..‘__I_-q_,__._-__—-___
% I - A S R B S RO B
107 2107 3x107 4x107 . Vm? 400 600 800 1000 1_200 1400
mi
T [GeV] ETS [GeV]
BR 95% CL limit
Obs. Exp. @ ATLAS Run 1 VBF: 28% (31%

CMS Z(¢6)H <40% < 42% Y > JHEP01(2016)172 ]
CMS Monojet < 74% < 57% @ CMS 7/8/13 TeV (2.3 bt only)

combination: 24% (23% exp)

CMS V(had)H < 49% < 45% (EEIEEtn

ATLAS Z(¢0)H < 67% < 39%
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-052/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-048/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-048/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-040/
http://link.springer.com/article/10.1007/JHEP01(2016)172
http://dx.doi.org/10.1007/JHEP02(2017)135

oy Anomalous couplings: flavour violation

Lepton flavour violation > CMS-PAS-HIG-17-001

359" (13 ToV)

@ FCNC highly suppressed in SM, bounds on

W — ey or u— 3e but not on H — et or
H — pr

@ No excess found (8 TeV 2.40 excess excluded)

@ Obs. (exp.) upper limits:

B(H — p7) < 0.25(0.25)% and worl e AL
10 10 10 10 10
B(H — er) < 0.61(0.37)% at 95% CL Yyl
Quark flavour violation
E 180%— ,‘ATL;‘AS “ “ ‘ E:iﬁ‘TeV.C;SHb‘ 3
@ Search for t — gH(— 77) m B
@ Reconstruct m..; 'ggg S =
e Limits: <2.2x 1073 for t — cH, o o
< 2'4 X 10_3 for t _> UH 23; 50 100 ':50 200 250 300 350 40 450 0

m.. . [GeV]

i
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-001/index.html
https://arxiv.org/abs/1707.01404

Conclusions

@ Higgs physics did not stop with 2012 discovery
@ Particle very much SM Higgs-like
@ New measurements with full 201542016 dataset (~36 fb~! per
experiment) well under way
@ increased statistics
o improved analysis techniques
@ better theory calculations and generators
= most results now surpass Run 1
@ Very rich research programme to look for possible deviations from SM
predictions:
o precision measurements of production cross sections and branching
fractions
o search for new Higgs bosons
o Higgs bosons in new heavy resonance decays
@ Many measurements still limited by end of Run 2: see HL-LHC
prospects by L. Iconomidou-Fayard (ATLAS) and V. Rekovic (CMS)

» https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults

» https://twiki.cern.ch/twiki/bin /view/AtlasPublic/Winter201713TeV

» http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results /HIG /

» http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG
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Beyond the standard slides
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EiHiggs boson width

— s<MS 3591 (13TeV) ., cmMs 35.9 fbo (13 TeV,
S T e e B e L e
[} £ <10 '
S 95% CL < : [ i
T 68% CL L 4

~ Best fit 8 Observed —
b Expected B

6l _

= . 95% CLy

ol _

. 66% OL|

0 - i

123 124 125 126 127 o ‘.-mow.‘H|.H‘|H‘.|H‘.\H..\H

» arXiv:1706.09936 my (GeV) T, (GeV)

Direct measurement with on-shell production, 105 < my, < 140 GeV
No assumption on BSM physics

My < 1.10 GeV at 95% CL

Limited by 4¢ mass resolution (about 1 GeV)
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7 STXS reduced stage 1

@ Match experimental categories with production bins

e H— ZZ* - 4 OISR

Production bins

Stage 0

= 04et

= 1-jet

P/ <60 GeV oo P, <60 GeV
4._. - o T

60 <p, <120 GeV

Reduced : Reconstructed event categories
Stage 1

2 24ets

m

"> 120 GeV. . p,">120 GeV

P,/ <200 GeV

p,>200 GeV

Hadronic V decay m,, <120 GeV
4-— 3 VH-Had enriched’ | +——————

Leptonic V deca N, 25
p!4y_: VH-Lep enriched  |+——— |

E 60<p"‘<12\)GeV NM=|

Py <200 GeV
VBF-enriched p/-Low | <=—————11, . 120 GeV
W

p//>200 GeV N
F-p/High |- | VBF-enriched p,-High ~———— 3

lfﬁ

. ttH-Like

ATLAS o ocres [mem<moe
P, < 150 GeV sub-categories for tensor structure "

Preliminary : mam

Yann Coadou (CPPM) — Higgs (SM and BSM) in ATLAS and ¢ Corfu2017, 4/09/17 36/41


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-043/

) Rare processes: H — Jyq7; » PRL119(2017)051802, arXiv:1705.04582

@ Probe second generation fermion coupling €k 1 ATLAS and Cs
2z un

o Difficulty to see it: already sign that Higgs
coupling to fermions correlated with mass -

@ Search for narrow m,,, mass peak over
continuum 00

+ ATLAS+CMS
....... SM Higgs boson |

— M, €] fit
@ BDT to define two VBF regions and one o e ]
geF (split in six from pu n and pr) P paie massiGev]
o Completely driven by statistics (syst: 2.2%) 5 s E
95% CL limit B e
i Obs. Exp. 20f Somazs "
Run2  —01+15 pu<30 p<3l .

Run 1&2 —-0.1+14 pu<28 pu<29
@ ATLAS-+CMS sensitivity ~ 20 by end of Run 2

S bt e bt
e S

¥heT et

_4F 3

o Other rare processes: H — Z’}/ 110115 120 125" 130 135 140 145 150 165 160
m,, [GeV]
H — pyand H — ¢v
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http://dx.doi.org/10.1103/PhysRevLett.119.051802
https://arxiv.org/abs/1708.00212
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» arXiv:1708.00212

ATLAS
s=13TeV, 36.1 b

@ No evidence for SM H — Z~ £40
yet

e Upper limit: < 6.6 @ 95% CL

@ No excess at high mass
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— Background fit
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7 BSM H — WW

° i D
H— WW — lvqq o [ATASTOImeN s
X S 0% -WW Signal R (HP) ;
@ VBF and non-VBF selections 1 Evercaseoy o i
2 ﬁs‘.s\ incertaint
H ’E 102 ks :IﬁvBiﬁori\ 'Zy
Boosted (one large-R jet) and resolved b

1200 GeV (x500)

(two small-R jets) analyses

No excess

PRI T B AR AT RSN AR,

Interpreted in narrow width scenario

2 15F N
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10T — S 1
= 25 AsTfl?g_FeTG\;'";g?ffyb_‘ Observed 95% CL upper limit 805k h
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§ E xBF Ca1e|gory o T Expected 95% CL upper limit my, [TeV]
r leavy scalar model v
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i & 9 E T 3
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@ Looking for more decays, e.g. H — Z(g)Zq — 4L or H — aa — 4u

» ATLAS-CONF-2017-042
Yann Coadou (CPPM) — Higgs (SM and BSM) in ATLAS ai Corfu2017, 4/09/17 39/41


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-051/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-042/

7 BSM X — HV

o H— bb

E ATLAS Preliminar‘y
= Vs =13 TeV,36.1 fo £, singl
o V — Ef, EV, |74 > ATLAS-CONF-2017-055 and e 2lep., > 2 jets, 2 b-tags -3.5(::;::)
V =/ AT <l 100 GeV < m; < 145 GeV =W»(bl,cl),Wol
arAiv: . z Z+(bb,be,cc)
- qq © -Zo(bl,cl)c,::I
0 other
@ Resolved (V — ¢ only) and boosted Buncecaiy
(both) analyses
@ 3.30 local excess (2.20 global) in qq
analysis
2 15
S
ey T T T T T T T T T s 05
£ 10 ATLAS Preliminary 9sCL limit 8 e 5
5 Vs=13TeV, 36.1fo" - "”“""’((CL":)) E my, [GeV]
1 A-Zh- Zbb [ Expected + 16 ]
§ gluon fusion [ Expected * 26 ] - g . . .
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alous HVV Couplings » arXiv:1707.00541

@ Use both production and decay information
about coupling

@ Based on ME discriminators, including
angular observables

@ Use H — 4/ in VBF, VH (with at least two
jets) and ggF (not-VBF, not-VH) modes

@ Fractional cross sections and phases:

a2 12 L )
fai = ‘al‘ Ul/ 2 ‘af‘ s and ¢g; = arg (“l/al) 5.1 b (7 TeV) + 19.7 o (8 TeV) + 38.6 fb (13 TeV
10°-CMS (@)
@ No deviation from SM g —— Observed ]
S Expected

—— Observed, 13 TeV

Parameter Observed Expected RN .
N, e Expected, 13 TeV ‘

fazcos(@az)  0.00703 [~0.38,0.46] 0.00010010 [-0.25,025] 1o

fazcos(Pr2) 0015533 [—0.04,0.43]  0.00073008 [—0.06,0.19] E
farcos(¢ar)  0.0275%8 [—0.49,0.18]  0.000F3:9%5 [—0.60,0.12] o
F2T cos(¢%1)  0.267930 [—0.40,0.79]  0.000%99 [—0.37,0.71] 3 9% Ct
of
@ See also for limits on bl
contact interactions within framework of 05 5 0
pseudo-observables f,5 COS(0,5)

Yann Coadou (CPPM) — Higgs (SM and BSM) in ATLAS Corfu2017, 4/09/17 41/41


http://arxiv.org/abs/1707.00541
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-032/
http://dx.doi.org/10.1140/epjc/s10052-015-3555-x

