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ONLY 5 YEARS AGO... () CNeN

_ — _

CERN & @CERN - 5h
Happy 5th anniversary, #HiggsBoson! It’s been 5 years since we announced your
discovery: cern.ch/go/gm97 #HiggsStories
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What we have we learned in 5 years since
discovery:

Runi legacy

Run2 @ 13 TeV: a new regime for Higgs physics

Beyond Run2

Paolo Meridiani 3



A FUN DAMENTAL SCALAR PARTICLE ) QNN

Yukawa: coupling to fermions

| s M}M +bh.e

H W‘ dij W" Loe

f Higgs potential
” Rl "l V) V(6) = w26l + S \lo’

Gauge: coupling to vector bosons
Higgs mass is a free parameter in the SM

W. Z
H
’ Self-coupling: Higgs is the
_______ H )
TTTTH X my —— - only particle coupling to
‘. itself in the SM
W, Z *\
H
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WHY MEASURE HIGGS PROPERTIE82 Cii'“ INFN

Is It reolly a fundamenial scqlar boson”c‘

Are there additional scalar bosons?
s it directly coupled to BSM particles?

No direct sign of new physics @ LHC from searches
Higgs couplings can provide indirect BSM indication:

—_— Ghbb . Ghrr -~ 1 TeV 2
[ SUSY (TdnB_5): Ghgnbb B GhgmTT =1 +< ma )

) ) ghff N g 1 TeV 2
0 Composite Higgs: Doty 1@( f )

1 TeV')? L TeV\"
0 Top partners: 7% ~ 1+@( ; ) e 21_@< : )
Ghsaiag mr Ghsmyy mr
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HIGGS PRODUCTION @ LHC (&) (NN

Runi - Run2 o
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 HIGGS DECAY )] Cnen

Q9 — §
-
= [P i §\ bb, t7: 39 gen fermion
= [WW s coupling
I ) .
© - Tt =
m ’
E . CC _
2 102 44
>

decays with
vy 21y vialoop

/7(4l), yy: High mass
— resolution channels (full

107

= Zy E decay reconstruction)
S - up: 279 gen fermion
10 I I | I | I I | I | | I | I I | I | I I | I Coupling
120 121 122 123 124 125 126 127 128 129 130

M, [GeV

Most of the H(125) decays accessible af the LHC
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S/(S+B) weighted events / GeV

Events / 2.5 GeV
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THE RUN-
LEGACY

T S —

HO

Mass m = 125.09 &+ 0.24 GeV
Full width I < 1.7 GeV, CL = 95%

HO Signal Strengths in Different Channels

See Listings for the latest unpublished results.

Combined Final States = 1.10 + 0.11
ww* = 1.087 518

zZz* = 1291328

vy = 1.16 = 0.18

bb =0.82 L 0.30 (S=1.1)

ptp~ < 7.0, CL = 95%

77T =112+ 0.23

Zy < 9.5, CL = 95%

tTH® Production = 2.31 3¢

A TLAIS
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RUNT: MASS ) QNN

ATLAS+CMS PRL 114 (2015) 191803

1 1 1 1 I I I 1 1 I 1 1 1 1 I 1 I I 1 I 1 1 I 1 I 1 1 1 I | 1 | I I I 1 1
ATLAS and CMS —— Total Stat. 1 Syst.
LHC Run 1 Total Stat. Syst.

ATLAS H—yy F——e—4 126.02+0.51 (£ 0.43 £ 0.27) GeV
CMS H—yy ——— 124.70 + 0.34 (+ 0.31% 0.15) GeV
ATLAS H—ZZ -4l : | 12451+ 0.52 ( £ 0.52 + 0.04) GeV
CMS H—ZZ —4l ——— 125.59 + 0.45 (+ 0.42 + 0.17) GeV
ATLAS+CMS yy | 125.07 £ 0.29 (+ 0.25 + 0.14) GeV
ATLAS+CMS 4l ——— 125.15 + 0.40 (+ 0.37 + 0.15) GeV
ATLAS+CMS yy+4i —e— [125.00 + 0.24 (+0.21£ 0.11) GeV ]
I S
] | | | I 1 1 1 1 I | 1 1 | I 1 1 1 1 I 1 | 1 | I | 1 1 1 I 1 1 1 1 I 1 |
123 124 125 126 127 128 129
m,, [GeV]

~0.2% precision (statistically limited)
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RUNT: PRODUCTION & DECAY (&) (NP

— _ = = = = e = - —_—————————

Slgngl STreng'I'h M:G/GSM ATLAS+CMS JHEP 08 (2016) 045
ATLAS and CMS -o- ATLAS+CMS ATLAS and CMS -®- ATLAS+CMS
LHC Run 1 - ATLAS LHC Run 1 - ATLAS
-+ CMS
B § —tlo - — CMS
u —lp— — +2¢ — *lo
ggF = e T ——— — 120
: —
B i B
W ——— — E
VBF —— :
| HZZ —r————
E S
e e—— :
Mvn pe—— B E
- g WW ————
: K —
U - ———
ZH ¥ — |
B T —e——
uw 5 ® H s
ttH : * n *5
u Rl H —
e 5
ol b b b b b e b b b L Lo b b brra b by b bon i b
-1-050 05 1 15 2 25 3 35 4 -1 -05 0 05 1 15 2 25 3 35 4
Parameter value Parameter value

Production & decay measured to be compatible with SM Higgs
Observation of boson decay modes: yy, WW, ZZ

Direct coupling to fermions not fully established: H—17 5.50 (exp 50), H—=bb 2.60 (exp 3.70)
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RUNT: COUPLINGS &) (INFN

e = I __ = — — — o
= —— - — - — ——— — — — - =

ATLAS+CMS JHEP 08 (2016) 045

ATLAS and CMS -o- ATLAS+CMS
LHC Run 1 — ATLAS E>|> ]

- ATLAS and CMS
- LHC Run 1

-+ CMS
— 1o interval

K — —~4=— — 2¢ interval

ELL|> 107" 3

¢ ATLAS+CMS |
------- SM Higgs boson |
— [M, ] fit ]
[ 68% CL
[ ]95% CL

|Ku| — 107 Fu | |

I|IIII IiIIII|IIII|II 10_1 1 10 102

l | 1 | |
—2 -1 0 1 2 3 :
Parameter value Particle mass [GeV]

‘k-framework” used for couplings in Runl:

express cross-sections and decay widths in tferms of simple coupling modifiers k
(k=1 means SM)

Couplings compatible with SM < 2¢
No hints of BSM particles in loops (gluon-fusion, yy). BResm<0.34 @ 95% CL

Paolo Meridiani



IN OTHER WORDS &) (INFN
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Fverything looks like SM
but more precision IS
needed
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3fb-! 36fb-! Target ~45fb"' X year
< >

+—> < >

>100fb ! by the end of Run 2. 3000 fb-! expected by the end of HL-LHC

Most of the results presented today done with full 2016 dataset:
36 fb'' @ 13 TeV = #Higgs produced ~ x4 wrt Run1

2017 runin full swing: already éfb! delivered. Record peak lumi: 1.6E34 cm-2s-!
LHC 2017 RUN (6.5 TeV/beam)

7

—o— ATLAS 6.396 fb!
||—A— CMS 6.317 fb™!
—— LHCb0.238fb ™!

|- auce 200200 | Challenge: precision physics with
high pile-up

2017 >50 pile-up

(0}

w

N w e
T T T

Delivered integrated luminosity (fb ')

)
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ROADMAP FOR HIGGS IN RUN2 @'NF”

see M. D'Onofrio’s talk

e — s —_———

e — =
- =
z S Y =3
7 N V4 AN
N VY N

\

" Precision
Cross-sections
Couplings

Mass

Discovery \/ Other scalars
Couplings to || Charged/neutral
fermions l \ Heavy/light

Known Unknown
unknowns \ unknowns
Rare decays BSM couplings

Self-couplings BSM decays
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H—L[—>40 (4, 262, 4e)

"CMS arKiv:1706.09936 Submitted to JHEP

CE?W
\

N/ S

"~ ATLAS-CONF-2017-043

INFN

Istituto Nazionale
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CM 35.9 b (13 TeV) RTES
> 7c)_ll [ | TTTT | TTTT | ITTTT | TTTT | TTTT | T TTT | T TTT | TTTT | [ II_ > [ T T T | T T T | T T T | T T T I P }gér
) - (0)) 60 B .. ¢ Data _ =
Q) N + Data ] Q) - ATLAS Pre“mmary Higgs (m, = 125.09 GeV) -

N 50 ] H(125) - To) L H— 7Z* - 4 - ZZ -
— 60 . o + 7
0 _ L4 [ ] g9—2Z, Zy* i % 50 - 13 TeV, 36.1 fb™ [ gﬂ\éts\/\t/tv ]
CIC.) 502_ B 99-2Z, Zy* _: t i 4 Uncertainty i
T I B Z+X : Q 40F 24 -
B N L - -
40__ ] | H—4l i
- . 30 - .
30 ~70 events : :
: : 20 - -
20 . - ]
- . 10 -
10— B i
O: 0
70 80 90 100 110 120 130 140 150 160 170 8 100 120 140 160
m,, (GeV) MzG/OSM mACrllonstramed [GGV]
10.15 11 10.18 10.08 10.08
po=1.05"¢ 12 (stat)” 0. 09(53’313) p=1.28T517(stat |~ o y6(exp) g gg(theo)

Improvements on overall precision ~ x2 wrt Runl

Starting to approach SM theory uncertainty
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CMS HIG-16-040 ATLAS-CONF-2017-045

CMS Preliminary 35.9fb" (13 TeV T\8 K
> :I LI I | L | T 1T | 1T 11 I 1T 1T 1 | | L I T I(I T | 1T 1 I): % :| T | T T T T T T T T | T T T T | T T T T .l |. T |~“;;$ ggr
& a000E H-vyy R All categories B G 700~ ¢ Data ATLAS Preliminary —
< f M=1254GeV. =116 g5 ) weighted : g [ - Background s =13 Tev, 36.1 fo! 3
945000 - S goo. — Signal + Background m,=125.09 GeV -
- — o) N . ]
o B ¢ Data _ ] = - Signal In(1+S/B) weighted sum 7
11110000 — S+B it - N 500 =
- e B component ] = 3
% 8000 I +io = w00l E
o - EX ] - -
‘S 6000 = - -
; L _ 300— e —
— 4000 — — - ]
@ N . 200[— . —
a 0 :I 11 1 11 1 1 L1 1 1 1 1 1 I L1 1 1 | I T | I 1 1 1 | | | 100:_ bkg: ~80% irreduCibIe XY __

SHEREEE D component subtracted_- ] I, | | .

600 - ~2k events > " - g F } -
400 E s Y E
200 [ ~ = 20F =
YN BN X)L B 2 2 0: f‘
—200 F SR = 2 ' ¢ it .

R = PN 20 0T

100 110 120 130 140 150 160 170 180 110 120 130 140 150 160
mYY (GeV) m,, [GeV]
_ +0.15 _ +0.11 +0.09 +0.06 _ +0.14 _ +0.12 +0.06 +0.06
Y= 1.16_0.14 = 1.16_0.10(815&13)_0.08 (eXp)_O'O5 (theo) r=0.99 7514 =099 77 (stat.) “5as (€Xp.) Zygs (theory)

Paolo Meridiani



Istituto Nazionale di Fisica Nucleare

I\/\ASS PEAKS I\/\ASS I\/\EASUREMENTS CiR_N/ INFN

ATLAS-CONF-2017-046 -
ATLAS

T\ K
. . A B | 1 I%‘rl;’gé"
Combination of H—ZZ—4| & H—oyy ATLAS Preliminary ——1 Total Stat. [ Syst
Vs =13 TeV, 36.1 fb
H—/7—-4l: statf limited , fotal - Siat. Syt

LHC Run 1 ——— 125.09 + 0.24 ( £ 0.21+ 0.11) GeV

_’ ° M T AU A ALl e
H XX' sys’remo’ncs domlno’red H—ZZ*—4] b g{ i 124.88 + 0.37 ( + 0.37 + 0.05) GeV

|

H-yy | — 125.11+ 0.42 ( + 0.21+ 0.36) GeV

Combined : 124.98 + 0.28 ( £ 0.19 + 0.21) GeV
PN AN TN ST TR S S T SR SN S S S S S SU SN T S S S S T S S S N’
124 124.5 125 125.5 126 126.5

CMS arXiv:1706.09936 my, [GeV]

CMS
H—Z[—A4l:
3D likelihood fit: (ma4, mass uncertainty, ZZ bkg discriminator)

Kinematic fit on higher mass lepton pair
21% better then 1D(my)) fit

mp = 125.26 + 0.20(stat) £ 0.08(syst) GeV

E———— R —S R —— - e
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INCLUSIVE CROSS SECTIONS &) (INFN

e = = = = N p——— — - _ E = —— — — = = _

H—1ZZ ATLAS CMS Fiducial cross sections. Unfolding at
orialft] | 3.6230 25 (stat) o 5o (syst) | 2.927038 (stat) T oy (syst) particle level in fiducial volume
i [ ] 2.91+0.13 2.76 +0.14
T e.g. CMS H—oyy
Ac/o [15-16]1% o't /my>1/3 (1/4)
1(2)

Hoyy ATLAS CMS [ <225
orialfb] | 54.7 £ O.1(stat) £ 4.5(syst) | 84 £ 11(stat) £ 7(syst) Fiso<10 GeV AR=0.3
oy’ [ £0] 63.5 4 2.4 7544

Different fiducial volumes definitions for ATLAS & CMS

ATLAS-CONF-2017-047 -
fﬁrgf'!ér
ro) L L L L __
Z 4100 ATLAS Preliminary —— O,y My =125.09GeV
% [ AHoyy 0 HoZZ* 4 QCD scale uncertainty
o3 [ +
bQ 80 - e combined data Bl Total uncertainty (scale ® PDF+o. )

systematic uncertainty

Good agreement with SM prediction
Runl = Run2: theory precision improved x2
ggH @ N3LO QCD + PDF4LHC [arXiv:1610.07922]

Vs=7TeV, 451"
- Vs=8TeV, 20.3fb™
O Vs=13TeV, 36.1 fb’

:uluuuluuuluu\ﬁluuulu

7 8 9 10 11 12

—h
w_

Vs [TeV]
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CROSS SECTIONS BY PRODUCTION MODES \j INFN
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H—»yy, H—1Z spllt events into several categorles
associated production modes (additional jets, leptons)
different kinematics region (vs pr(H), pr(jet))

ATLAS-CONF-2017-047
=1.09 +0.12 = 1.09 + 0.09 (stat.) T2 (syst.) 7002 (th.)

BRw/BRzz fixed @ SM value ',‘;»r! , AT rxar
||||||| ||||||||||||||||||q !E: y T T T T [ T T 71T T 111 | LI B L L B L L L L L LB B = J!G
- ATLAS Preliminary 99->H (Ojet I-E-i ATLAS Preliminary
- _ -1
g9 VE =13 TeV, 36.1 fb1 09 —H (1-jet, p,; < 60 GeV) VE =13 TeV, 36.1 f?
H—yy and H—>ZZ*—4l ; | E i H—yy and H>Z2Z*—4/
’ 99— m,, =125.09 GeV, |y |<2.5
, m,, = 125.09 GeV, ly, |<2.5 et 50 < p < 120 GeV) |_E_| . v, I<
VBF I | gg—H v | mR /R
| I * I (1-jet, 120 < p’;’ <200 GeV) [ = By /By
gg—H (> 2-jet, p" <200 GeV L T |
Measurement  Fed or VBF-like) " . | : | I-H-I
I | gg—»H (>1 ]et pH > 200 Gev) . = = R _0.20.40.6|(.).8CjI 1.281i\¢}I
v ' * ' Stat. uncertainty + qq—Hqq (¢, 200 GeV) == o normalzed o
Syst. uncertaint D 99-2Haq (7 <200 Gel) I = Heasurement 19
: yst y - Stat. uncertainty
ttH | B ., SM prediction I g9/aq —>HI/HIv : I - | Syst. uncertainty D
1 1 =
| .I | | | 99/aq > 'u_ET| | L o)t predeten I.
—1 0 1 2 3 4 5 —1 0 1 2 3 4 5 6
Cross section normalized to SM c, X B, normalized to SM

Production modes binned in
kinematic regions
SM compatibility p-value 9%

Paolo Meridiani 21

Excess in VBF (both H—4l & yy)
SM compatibility p-value 5%




DIFFERENTIAL CROSS SECTIONS f_)’ INFN
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CMS HIG-17- 015 ATLAS-CONF-2017-032

CMS Preliminary ~ 35.9 fb™' (13TeV)

3 T |

S\ 1 02 E_l T T T | LI | T T T 7T | T T T I T T 1 I T T 1 I T T 1 | T T T T | T l_E g : ATLAS Preliminary ® Data :
() = H— Yy LHC HXSWG YR4, m =125.09 GeV 3 o) - HsZZ > 4 [ Syst. uncertainties .
(\D i + Dat . 2.9 13 TeV, 36.1 fb"! - NNLOPSk=1.1, +XH —]
L2 10 e 9H aMGONLO + HX = - W MG5 FxFxk =147, +XH
— - ggH POWHEG + HX ;_8.'_ 3 o[- N XH = VBF+WH-+ZH-+ttH+bbH _]
>~ K - @ . — - — -
-8' 1 :%r_h % N HX aMC@NLO =Y E N |:‘E| p-value NNLOPS = 33%  _
O 3 B - I h. . _ =
;C:) - éW_ AG/G [30_40]% . § a 1.5 p value MG5 FxFx = 55%
8 :

—h
<
I IIIIII|_L

Ac/o [20-50]1%

;
i

L —— ® T - -
1072 E 4]

- - 0.5 :

- 7] e [ L I . ¢|
1 0_3 = - — . T

= I I L5 0 R T \\[\-\\ \\\\\\\ AR RRTRRR R
>'I<F 2.5 = 3 E‘ 2.5 —
o ettt 3 o -
A S S E 2 2 N
Q £ i 3 = 1.5 i I - —
P SR A I < '—%—_% % 1—-- l -l I """""""""""""""""""" —
s 7y . . . . . . W Y- O 05 N
o 0 50 100 150 200 250 300 350 400

pﬁ (GeV) 0 | 1 | 2 | >3
Unfolding: ~ no smearing for pr, 10% in Njet

Measurements <——= Theory
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DIFFERENTIAL CROSS SECTIONS &) (INFN

CMS HIG-17-015

CMS Preliminary ~ 35.9 fo'' (13TeV do/dp-(H) [pb/GeV]

PPV EERRE RN R R R I B L R 107

% 10 = H- vy LHC HXBWG YR4, m =125.09 GeV s g ggH@LHC 1I3 TeV NLL"'N 1O R SI\_A(” c _lo 075

Q) E H ] [ Mp=125 GeV T G05100-0042

e 1 O = + Data qoH aMC@NLO + HX = 100 ! ——— gtt:;:g:gg:g:ggg -

;F ; . %gH POWHEG + HX ;:8-'_ é

!9- 1?”“ \\ fix amcento ;g; —g 1071

2 “¥7 Ao/0[30-40]% g 3 :

5107 'g ‘ 3 102 |

R e T
107°F E 103
-3 __ _: - R

10 B bbb e 10 bttt ] T
x 1.8 F e
n 6 e E
VAR ormna U OOR AN A O AR .
® -< Byl R e el I
o 1 e ey 3
e o2 BRI ;
o O6E. . 1 v
= 50 100 150 200 250 300 350 400

pr(H) [GeV]

Model independent way to probe BSM effects
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HVV ANOMALOUS COUPLINGS &) (INFN
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" CMS arKiv:1707.00541 Submitted to PLB
Anomalous HVV couplings from angular information in H—ZZ—4l

NEW: production (VBF and VH tagged events) used together with decay informations

5.1 10" (7 TeV) +19.7 b (8 TeV) + 38,6 f' (13 TeV)

2_ ' |
HVV amplitude parametrisation 10°¢ -CMS (@) 7
B —— QObserved i
SM VW2 L W2 BSM CP-even BSM CP-odd N Expected p
v, K191+ 2 q> Ve (1) p%(2 VV#(1 , . —— Observed, 13 TeV ,
ARVV) ~ o (AVV) My1€v1Ev2 92 f, )f*(””’—|—a *( )f @ N Expected, 13TeV -
1 _|10:_ . :
£
< - —
_ |ai|2(7i /Z|”j|z . Parameter 0(2]6:)served OE;)T(I))ected S
tective fracti fazcos(¢pa)|  0.007559 [—0.38,0.46] 0.0007 g [—0.25,0.25] | 4£95% CL
ehtective ractions = os(pm)|  0.017%12 [~0.04,043]  0.000+22% [—0,06,0.19] :
of anomalous 88§ gggg of
cross-sections farcos(par)  0.027G5¢ [—0.49,0.18]  0.000 ;g5 [—0.60,0.12] -68% CL
£ cos(¢%7) 0267030 [~0.40,0.79]  0.00072029 [~0.37,0.71] =
O_ L
[95% CL intervals] —1
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OBSERVATION OF Han &) CINFR

e — _ == —

CMS HIG-16- 043

35.9 fb' (13 TeV) .
, 35.9 ™ (13 TeV)
-'(B 10 E L LI LI I | L I UL I L T T I T T T T T T T T T T T
5. . EI\IIIS 1 SRRSO - CMS
10 g rrenminary 15— (ombk. E - Preliminary .
- F [ ] Bkg. unc. n |
5 0.8F . 0-jet
10 20F ; - < 0.82 +09 i
0.2F -0.82
oEe- »= % P ] I | (e
10° 5 = 05 Boosted sensitivity
log(S/(S+B)) B i 1.11+04 7 .
- 4.96 (4.70 exp) 0.37 1 driven by VBF
0 _ VBF 1 & boosted
+0.31 ]
102 - 029 - category
_ | Combined
10 Duth -0.24
1
10—1 L1 1 1 I 1 1 1 l | I I L1 1 1 I 11 . . | ) ) ) ) | . ) . . | . ) | .
-3 -2.5 —2 -1.5 -1 -0.5 0 0 1 2 3
log(S/(S+B)) Best fit u = o/c

47t decay channels (thth, €Th, n7h, €u) X 3 categories (0-jet, boosted, VBF)
2D fit signal extraction: m:; vs (t decay mode, pr, di-jet mass)

Observation of 77 decay mode from a single experiment: 4.9¢ (4.70 exp), 5.96 when
combined with CMS Runl

Paolo Meridiani 26
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EVIDENCE _ &) (INFR

e ——— __

H—bb: Runl ATLAS+CMS 2.60 (3.7 exp)
VH(—bb) production: overcome large QCD background
Backgrounds: W//Z+jets, tt

Observable: BDT including mpp

ATLAS-CONF-2017-01  Rli:w,,
[

Lr) L I LI | L I LI | LI | IIIIIIII
N 10% —e- Data =
ZH —>vvbb /| O-lep | o = ATLAS Preliminary mmVH — Vbb (1=1.20) 3 ATLAS Preliminary  \s=7+8+13TeV
’ A 4 mm Diboson _ dt=4.7+20.3+36.1 fb’
% 10" s =13TeV,36.11b € = —Total  —Stat. JLdi=4.7+20.3+
= mm Single top -
= i . B W+(bb,bc,cc,bl) = E
[0 2#3iets, 2 btags = Wi Rzl e 10 R (52,83
10 Wl = :
B Z+(bb,bc,cc,bl) -
104 [ | Z+cl —= . .
Z+l 5 Rt ke 0.51 05 (%53 7058 )
10° B e
2 § Comb. [P +0.28 +0.18 +0.21
10 5 : 0.90 % (Zo1e: 010
: L1l | L1 L1l I 1 Ll
-1 0 1 2 3 4 5 6 7 8
10 =
= MbB
= VH
R Evidence for VH(bb): 3.60 when
I combined with ATLAS Runl
S
a
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Di-jet mass cross-check
analysis (~10% less sensitive):

nice peak on VZ(—bb)
shoulder

Paolo Meridiani

_ —_—— — — =

Events / 10 GeV (Weighted, backgr. sub.)

12

10
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EVIDENCE FOR H—bb ) CINFN

ATLAS-CONF-2017-041

S

|

ATLAS Preliminary —e— Data i

{s =13 TeV, 36.1 fb™ ] \[;|'||° — Vbb (1=1.30)-
iboson

0+1+2 leptons <Y Uncertainty

2+3 jets, 2 b-tags
Weighted by Higgs S/B Dijet mass analysis

i,

—

&\‘ \‘\\\\““:: e e R,

t

N

N

L4
III!'Illllllllllllllllllll

_||III|III|IIIlIIIlIIIlIIIlIIIlIII'I_

40 60 80 100 120 140 160 180 200
m,, [GeV]
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|NCLUSI\/E H—bb &) (ONFR
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sto GeV ] ~ CMS HIG-17-010

359fb (13 TeV)
H iet > 8000 T T T I CMS Preliminary 35.91b" (13 TeV)
J Q) - CMS 450 <p_< 1000 GeV 9 7 N i
~ 7000 Freiminary g e p tag>09  ---tt o
— m ---Multijet ]
n — @3 Total Background ]
= 6000 m H(bb) —]
- 5 — ¢ Data -
11l 5000 =
Single large cone 4000~ -
fat jet (R=0.8) - -
3000 -
pT>450 Ge\/ : .
2000 |- =
double b-tagging 1000 - E
on sub-jets - . -
0 Y T I R B -t 2 L do
) . 3| 10F ’
Jet mass: main 3 s Wiaq) .+ |
observable =] R N SIE S S
| -+ =
S| %0 60 80 100 120 140 160 180_ 200 Observed best fit
mgp (GeV) Expected significance

Observed significance

First search for gg—H—bb in boosted topology

boosted jet techniques: searches = measurements Observation
of boosted
s [—bb
Explore a brand new regime
g """ H  ggF pr>450 GeV

Paolo Meridiani
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TOWARDS ttH OBSERVATION @ INFR

/,/ ~ *\ . // S . //,/ ~
/" Indirect (loop) Direct N/ Interference
/ ggH: 44 pb ttH: 0.5 pb tH: 0.08 pb
’ f / \
j ,
: ':' 9 0000 ! “ ’
! g \ H _H
\ ,:i?:]> > — H \\ - --H + E
\ 9 ) 9 X0 ; : ;
N\ | N N
\\\ _ \\‘ »\\ p

b Vi
F— “ {
€, M
Ve V, H—(WW,77)
b multileptons
b | |
g Theory systematics Simple background
q PR T T
High yield Low yield
b R A

Low signal/background Clear peak

Final state with additional ,,
leptons, jets, b-jets LRy tets

. : | background |
D|fferenf stfrategy depending orediction
on Higgs decay

' Clean bump
background | hunt |

Paolo Meridiani



Run|

1]

Run2 |13fb" ||36fb

WetH=0teH/ OSMm

ATLAS CMS
Runl comb. 2.3%704
bb 2.1710,4, -0.2+0.8
multilepton 2.5 1.5+0.5
ThtX 0.7 005
YY 0.5, ¢ 2.2709 48
l7 </.5 @ 95%CL 0.0)*1.24 4

(*): 68% CL interval with u=0

<+ 440 (2.00 exp)

<+ 3.30 (2.50 exp)

<+ 3.30 (1.50 exp)

Evidence for ttH? Stafistically a combination would be largely
iIncompatible with w:+=0, but not yet a single unambiguous signal

Paolo Meridiani
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OND GENERATION COUPLING &) ((INFX

> 10T e g

H—un: probing 2"? generation Yukawa & - ATLAS +Data  —ggF x 100
coupling (BR 2.18E-4) g 102 iemsTev.ell E?LZ"’Ya”iiﬁZS?O%
i 105;_ [JDiboson ;

ATLAS Run1 + 36fbo!' @ 13 TeV: 10— ~
6/osm<2.7 @ 95%CL (2.8 exp) B rﬁ 200 signal events
102é— T :|_‘ ﬁ—_'_'—_'é

ATLAS+CMS combination sensitivity ~20 B
by the end of Run?2 o :
0-161% 115 120 125 130 135 140 145 150 155 1_260

m,, [GeV]

Paolo Meridiani 3?2
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DOUBLE HIGGS PRODUCTION  {&)) (INFR

e S

9 Aer - H 9 70000 T TH oo = 33.49+43,4, (scale) + 2.1 (PDF) + 2.3 (as) fo
t -~ - & EB tY %
q Yi Ho ~H "B aeTeTeI0d Y_t_ -H [13 TeV, NNLO + NNLL with top mass effects, HXSWG, arXiv:1610.07922]

Main probe for trilinear Higgs coupling Aunn. Diagrams interfere destructively in SM

BR HH—xxyy
(mu = 125 GeV)

bbbb largest statistics

bb(yy,7t) good compromise
between stafistics and S/B

S/B
Yield

Paolo Meridiani 34
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o/osm 95% CL (exp)

BR HH—xxyy
(mu = 125 GeV)

13-

|0.26%-I ME.
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Searches for rare decays: observation would imply BSM physics

H—Zy, Hoy*y: access BSM in loops

H—J/WYy: coupling to charm

H—oy & H—¢Yy: couplings to light quarks
e N

/ 4
= 4 /Rﬁ
& N N,

l
oy . A

Paolo Meridiani

Process o/osm(95% CL)
e <6.6
eV =7
HoY"Y (CMS) <77

H—J /qgngATLAS) <540
HoJ/ Wy (CMS) <540
i slees <52

H—ee (CMS)

Runl

Runl

Run2
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PROSPECTS @) (INFR

Credits: A. David @ GRC 2017
Paolo Meridiani 37
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SUMMARY &) (INFN

Higgs 5 years after discovery

B

Still looks like “Standard Model Higgs” with better resolution
Run2 cross-section measurements improving by a factor ~2 Runl
39 gen Yukawa couplings: 5¢ observation of 1t decay mode, >3¢ for bb
not only improvements from statistics: boosted ggH(—bb)

The road is still very long
a lot of data to squeeze In front of us (@ very high pile-up)

but obvious roads will soon close up, we will need to look also
for other directions

We need just ONE deviation to point us in the right direction

Paolo Meridiani
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CERN
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CMS X —ZZ + WW 19.7 fo' (8 TeV) + 5.1 fo' (7 TeV)
0 120 ' . ' : ' ' : ' : : : ]
ATLAS H— ZZ* > 4l P o-Observed ---Expected : : : : ¢ i i o0 oiob bbb ]
—e— Observed s=7TeV,451b' -~ 100 0" + 1o ] S iio -'
....... Expected s=8TeV, 203" % g 0" + 20 W) +26 L
- + + P ]
-32&2‘; H— WW* — evuy = : O;iSG MELL :
[ ] 0°SM+3c s=8TeV, 203 f5' < 60 P P .
[ R H— : : :
ST i20 8_722\(,45@ X 40 B
[ 1J +3¢ T T C\,J 5
o a0k s=8TeV,203fb | 20 r
" | °||11 ﬁ
20 3
win gy - ”
0 l ' -40
o ™ N = =
20 -60
30 — A a‘ﬁ *a%‘ & aﬁ Je? oF

JP=0 JP=0 JF’2+JF’.2+J"2+ JP2’JP2*
g0 =25

gg production

gq production

Angular analysis in ZZ, WW, yy final states

All observations consistent with the JF¢=0** hypothesis
pure pseudo-scalar, spin 1 & spin 2 scenarios typically excluded >99.9%
still room for anomalous interactions or CP violation

Paolo Meridiani 40



ATLAS

Leptons and jets

Muons: pr > 5 GeV, |n| < 2.7
Electrons: pr > 7 GeV, |n| < 247
Jets: pr > 30 GeV, |y| < 4.4

Jet-lepton overlap removal: AR(jet,¢) > 0.1(0.2) for muons (electrons)

Lepton selection and pairing
pr > 20,15,10 GeV
SFOS lepton pair with smallest |mz — my|
remaining SFOS lepton pair with smallest |mz — myy]

Lepton kinematics:
Leading pair (mq2):
Subleading pair (ms4):

Event selection (at most one quadruplet per channel)
Mass requirements: 50 < mjg < 106 GeV and 12 < ms3y < 115 GeV
Lepton separation: AR(4;,0;) > 0.1(0.2) for same- (different-) flavour leptons
J /1 veto: m(l;, ;) > 5 GeV for all SFOS lepton pairs
Mass window: 115 GeV < myy < 130 GeV

H—yy
ATLAS

FIDUCIAL VOLUMES )

CERN

INFN

Istituto Nazionale di Fisica Nucleare

CMS

Lepton kinematics and isolation

Leading lepton pr pr > 20GeV

Subleading lepton pr pr > 10GeV

Additional electrons (muons) pr pr > 7(5) GeV
Pseudorapidity of electrons (muons) 7| <2.5(24)
Sum pr of all stable particles within AR < 0.3 from lepton <0.35pt

Event topology

Existence of at least two same-flavor OS lepton pairs, where leptons satisfy criteria above
Invariant mass of the Z; candidate 40 < mz, <120GeV
Invariant mass of the Z, candidate 12 <mz, <120GeV
Distance between selected four leptons AR(4;,¢;) > 0.02 for any i # j
Invariant mass of any opposite-sign lepton pair myrp- > 4GeV

Invariant mass of the selected four leptons 105 < myy < 140 GeV

Objects Definition

Photons In] <1.37 OR 1.52 < || < 2.37, p=>"?/p) < 0.05

Jets anti-k;, R =04, pr >30GeV, |y| <4.4

Leptons, ¢ eor p, pr>15GeV, |n| < 247 (excluding 1.37 < |n| < 1.52 for £ = e)

Fiducial region Definition

Diphoton fiducial | N, > 2, py > 0.35m,,, pf > 0.25m,,

VBF-enhanced Diphoton fiducial, N; > 2, m;j; > 400 GeV, |Ay;;| > 2.8, [A¢,, ;| > 2.6

Niepton > 1 Diphoton fiducial, N, > 1

High B Diphoton fiducial, EZ= > 80 GeV, pL > 80 GeV

tt H-enhanced Diphoton fiducial, (IN; >4, Ny jets > 1) OR (IN; > 3, Ny jets > 1, Np > 1)

Paolo Meridiani

CMS

CMS H—yy
pr' @ /my> 1/3 (1/4)
|y 2] <2.5
Eiso<10 GeV AR=0.3

4]



H—//: EVENT CATEGORIES

Production bins Reduced Reconstructed event categories
Stage 0 Stage 1
e e
1 1j p,*-Low |
-: =1-jet 60 <p," <120 GeV _: | 1o el 1 60 <p"<120GeV| N, =1
1 j p;*-Medium |
1 I py-RIg |
2 2-jets A
p, <200 GeV :l: VBF-enriched p -Low m,, > 120 GeV
VBF-pjLow |.
VBF p.}> 200 GeV - p,j>200 GeV N 22
I VBF-p, High | VBF-enriched p,/-High |<————— ot
Hadronic V decay —: ’ VF+Had onriched® 1 m ;<120 GeV
. -Had enriche |
Leptonic V decay 3 - 1 N, =5
3 ‘ VH-Lep enriched |

Paolo Meridiani

ttH-enriched I

S 3 t: VH-Had enriched is divided into p,* > 150 GeV and
P re I i m i n ary . p," <150 GeV sub-categories for tensor structure

measurment

| 118 <m, < 129

0j
1 pi'- Low

1j p-Med

Reconstructed category

1j p2-High
VBF-enriched pjT -Low
VBF-enriched p‘T -High
VH-Had enriched
VH-Lep enriched
ttH-enriched

0 0.1

N

CER
\\_/

INFN

Istituto Nazionale di Fisica Nucleare

ATLAS Simulation Preliminary g o v

H— ZZ* — 4l

13 TeV, 36.1 fb '
B 9oF-2j

B ggF-1j-p! Low
I ggF-1j-p Med
I ggF-1j-p] High

[ VBF-p_JT Low
. VBF-p‘T High
[ VH-Had

I VH-Lep

B ttH

I bbH

02 03 04 05 06

0.7

0.8
Expected Composition

0.9 1




Hﬂy: EVENT CATEGORIES

CERN
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"ggH vBrF | WH lizH logzH tH JllobH | tHgb  tHW

ATLAS Preliminary H —yy, m_=125.09 Gev

tH lep Ofwd
tH lep 1fwd
ttH lep

I ATLAS Preliminary H —yy, m_=125.09Gev
ttHhadBDTQ t?-|bv|'viZZZZIZZIZZ"IZIIZZ"_Z“::ZZIIIII

ttH had BDT3

ttH had BDT4

tH had 4j1b

tH had 4j2b

VH dilep

VH lep HIGH

VH lep LOW

VH MET HIGH
VH MET LOW
jet BSM

VH had tight

VH had loose

VBF tight, high pt¥
VBF loose, high p¥
VBF tight, low p!¥
VBF loose, low p¥
ggH 2J BSM

ggH 2J HIGH

tHgb

ttH

gg — Hll (= 1-jet, p! = 150 GeV)

gg — Hll (0-jet, py = 150 GeV)

gg — Hll (p¥ <150 GeV)

qq — Hll (p¥ =250 GeV)

qq — Hll (= 1-jet, 150 < p! <250 GeV)
aq — HIl (O-jet, 150 < p¥ <250 GeV)
qq — HIl (p¥ <150 GeV)

qq — Hiv (pY =250 GeV)

qq — Hiv (= 1-jet, 150 < p¥ <250 GeV)
qq — Hiv (O-jet, 150 < p¥ < 250 GeV)
qq — Hiv (p¥ <150 GeV)

qq — Hagq (p! = 200 GeV)

aq — Hqq (rest)

qq — Haq (VH)

qq — Haqq (VBF-like, 3-jet)

aq — Hqq (VBF-like, 3-jet veto)

ggH (VBF-like, 3-jet)

ggH (VBF-like, 3-jet veto)

ggH (= 2-jet, p; =200 GeV)

ggH (= 2-jet, 120 < p* <200 GeV)
ggH (= 2-jet, 60 < p# <120 GeV)

ggH (= 2-jet, pi' <60 GeV)

ggH (1-jet, pi =200 GeV)

ggH (1-jet, 120 < p? <200 GeV)

ggH (1-jet, 60 < p! <120 GeV)

ggH (1-jet, pi! <60 GeV)

STXS Regions

ggH (0-jet) Ly 110 [ 0
H 2J MED oO=0XI [a R £ 5.%.5.QF Qo0 Q< MOMN"OTT
9 GSZ00polopaaaasos o080 CEREEBES
oo Os=H0Os= o2V OoZ0Z2=FFaoaon
ggH 2J LOW LI=27T0a32TM22ccO0SMITITD Mmm@OL TS
—:ﬁ—,—;ﬂﬂﬁﬁﬂﬂg_o-g’-c—”-cgm|—,_o.Q_I'88 o= g¢
ggH 1J BSM COrr A AN QN EE e W 09> Zean 22
SLILISIEI53S58ESs =5 TI<<t<< ICL
ggH 1J HIGH ©3 35858808 825> Lx>> T EELEEE
o= 8 z EEE
L m N
ggH 1J MED g>§§ Category
ggH 1J LOW
ggH 0J FWD
ggH 0J CEN

0 041

Paolo Meridiani

02 03 04 05 06 0.7 0.8 0.9
Fraction of Signal Process / Category

Region Purity / Category
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CROSS SECTIONS BY PRODUCTION MODES {2)) (QINFN
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|||||||||.|.|l||||||||||||||4',| Jgr
CMS Pfellmlnary 35.9 fb-1 (1 3TeV) - ATLA*S Prehmmal‘y +  Expected SM e
LA T — 1 T T T [ T T T ] T T T T T 1 H — ZZ — 4| u Observed: Stat + Sys
H— = + — 13TeV, 36.1 " SM Prediction ]
7 Per process x o Reduced Stage 1 - |yH| <25
_ F- - -BR=0.8872% BR) =0.73"%[pb
ggH [1055% - SM Prediction 9gF-0J | s ° oz PP (@8R =000 P8 |
L \ ] ggF-1J -p: Low —_— GBR=0.0821[pb]  (o:BR) =0.17 553 [pb]
VBF | 062% m,, profiled ggF-1 J-p$ Medium B - oBR=0.1621"[pb]  (o:BR),, =0.12 "% pb]
" _ s 00 ] ag F-1J-p:’ High - cBR=0037%[ob]  (oBR),, =23.7 £2[f]
B =08 \ I I N gg F-24 . B c-BR =0.20 .410:3 [pb] (G'BH)SM =0.14 _gg?; [pb]
WH leptonic | 3172 ..: : - | VB F-pjT Low | - oBR=02671%[pb]  (o:BR),, =88.637 [f]
N 3 — VBF-p!_ High . % GBR=0.062%(pb]  (oBR), =4.24 3% [fo]
ZH leptonic | o073, W VH-Had o SERSOD B (gm 5627w
N b 95% SM 3.
N N ] o-BR < 0.16 [pb] e g8
VH hadronic | 4128 : = | VH-Lep B eor oL (©BR), = 16631 10] |
| 1 '1 1 N 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 x5 aBR <0.11 [pb] ( ‘BH) =154 o [fb]
-2 0 2 4 6 8 tH ! PR S S [N T SN T NN TR N N (?5°/°I CL} | IG 1 S:A L _1i6 -
o, /o 0 2 4 6 g8 10 12 14
proc’ Ptheo cBR/(c -BR)SM

H—yy, H—ZZ split events into several categories
associated production modes (additional jets, leptons)
different kinematics region (vs pr(H), pr(jet))

Paolo Meridiani
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H—ZZ + Hoyy: CoupLnGs {2 ey

— e

g‘-l— 2.5_] | | | I N | I L I | I D | I N | | I N | L | L | | I_
n *  SM prediction ATLAS Preliminary  _
~ +  Bestiit (s=13TeV,36.1fb"

2_ Combined 68% CL Hoyy and H—ZZ*—4l
IRLLELLL Combined 95% CL |

m, = 125.09 GeV

T H—yy 68% CL 7

{1 5 == H—ZZ*—4168% CL  ,.«="""~ . —
1_ '0"" ]
0.5 _
|| | | 1 1 1 | 1 1 1 | 1 1 1 | | I I | | I I | | I I | | 1 1 1 | | |-

07 08 09 1 11 12 13 1.4
Ky
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- —_— = = _ — == - — _ e = e

L > T T | T T | —
ATLAS Preliminary <’ B,, /B, 0.8 >
) ATLAS Preliminary  — .
agF Vs=13TeV, 36.1 fb™ 0.8 = gg—H (0-jet) y Zé_
Vs=13TeV, 36.1 fb — 0.6
H—yy and H—>ZZ*—4l — -jet, p* ’ )
Yy 0.6 gg—H (1-jet, pt < 60 GeV) Hosyy and HesZZ* ] 04
m, = 125. 5] g9—H _ -1 —1U.
H 5.09GeV, |y [<25 | | 0.4 10,60 < pi<120Gey) | O oo oo - m,, = 125.09 GeV, |y, [<2.5
g—H B ] ] 0.2
VBF (1-jet, 120 < P;’ <200 GeV) 023 017 -005 0.12 O
i H — -
g-H 2 jet, p7 <200 GeV 2018 004 002 -0.13
or VBF-like)
'—H (> 1-jet, p’; > 200 GeV) — ]
19—Haq ( PiT > 200 GeV) _-0.40 018 001 0.0 |
qq—Hqq (p’. < 200 GeV) 048 020 -0.10 -0.08
VH T - _|
gg/qq—HII/HIv 0.02 -0.04 -0.01 -0.03
gg9/qq—ttH -0.07 0.05 -0.02 0.03 05 -0.11 -
] | | |
S S £ > < ~ >
) « 8 5 % $3 3.5 § %
ttH . & 9 6 6% o5 o6 5 I
~ o 3 o o I o
= T T & 8] RS & T g
i) v v v V NS v T 2
2 IQ_F T~ T~ T+ N ~ & ®
o) N a Q Q: In.h Al B %
LL IL 'ﬂl_.). VI VI _‘ﬂ_-;. ? - '1" o
o o0 < =z T 8 ga=T3F L
> > = T s T NEN & T
T TL g o= o
o T = oy >x © ©
8 8% 9T 51 &
ST 8%8% 3
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H—»ZZ—>4L ANOMALOUS COUPLINGS

ATLAS-CONF-2017-032

o [fb]

50 60 70 80 90 100 110

I I
— ATLAS Preliminary

25— Ho 727 S 4
- 13TeV,36.1 1"

2=

1 5: p-value NNLOPS = 41%

—_

—-_/) -value MG5 FxFx = 54%

|
—e— Data

] Syst. uncertainties

. NNLOPS &k = 1.1, +XH

P MG5 FxFx k = 1.47. +XH

S XH = VBF+WH-+ZH+ttH+bbH

IIlllllIlllllllllIIl

/illlll

Example: constraints on anomalous couplings in
h—4| from differential cross-sections

€L, €r . regulate contact interactions with left, right-
handed leptons (assumed flavour universal) [Eur. Phys. J.

C75 (2015) 128]

o
()]
IIIIIIIIIIII
L
-
:
:
.
4K
;o

LT Y

expect changes in overall signal strength + di-lepton

.o [GeV] " o .
> oo i invariant mass (Mi2 vs Maa)
P L
= 1-5: ____________________________ R ] . . .
g .0 Ll 1 Limits In the plane gL vs erand €L Vs k7
bin 0 l bin 1 . bin 2 I bin 3 . bin 4
m,, V8 g,
0.8 N AL AN Y. I S B L I ]
« ~ ATLAS Preliminary oF ATLAS Preliminary E
| H—>ZZ* >4 __gswcLobs - H-> 22" >4 ges%ciops
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