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Higgs Production at the LHC :T;ﬁﬁg?,' College

T
pp — H (N3LO QCD + NLO EW) /s=13 TeVg

k

@ New scalar particle 5 g
discovered in 2012. = -
@ Since then, data continue to X0 JE
demonstrate it is very much I
like the SM Higgs boson. 110 E
@ 4 main production modes. \&/ PP~ qaH (NNLO QCD + NLO EW) ]
(o) -

@ Numerous decay channels. b ~ WH (NNLO QCD + NLO Ew)

P ZH (NNLO QCD + NLO EW)
E_Pp - ttH (NLO QCD + NLO EW)

[ PP~ bbH (NNLO QCD in 5FS, NLO QCD in 4FS)

10715 =

R P R S B
120 122 124 126 128 130
M, [GeV]
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Overview of the data taken so far London

CMS Integrated Luminosity, pp
60— T 71—

E £ ATLAS Online Luminosity ] Data included from 2010-03-30 11:22 to 2017-11-10 14:09 UTC
2 50:, = 2011pp V5=7TeV B =% = 2010, 7 TeV, 45.0 pb '
B0 —mem o - <o "
€ ,F — 2016pp Vs=13Tev E Z70 —— 2012,8TeV, 23.3 1> 70
3 40 2017pp f5=13Tev l K — 2015,13 TeV, 4.2 '
> F ] £ 60 2016, 13 TeV, 40.8 1 ' 60
g 30— i g s0 e 2017, 13 TeV, 51.0 1 ' s0
= C | -
2 20i ] 240 a0
n 1 & 30 30
C 9
10 E20 20
F g
i S — ° * — 50 *
Yot ot W oct p Wt W 9 e o (o gef
. Rl R U A A S
Month in Year Date (UTC)
@ Discovery with vy and VV final states in July 2012, with 7+8 TeV data, ATLAS,
Y
Phys. Lett. B 716 (2012) 1, CMS PLB 716 (2012) 30.
@ Discovery of coupling to 7 leptons in Run I, JHEP 08 (2016) 045, and by single

experiment in July 2017 with 7+8+13 (2016) TeV datasets: CMS Phys. Lett. B 779
(2018) 283.

@ Evidence of coupling to b quarks summer 2017 with 7+8+13 (2016) TeV
datasets: CMS Phys. Lett. B 780 (2018) 501, ATLAS JHEP 12 (2017) 024.

@ Evidence of coupling to top quark by ATLAS in Dec 2017 with 13 (2016) TeV
dataset: Phys. Rev. D 97 (2018) 072003.

@ Discovery of coupling to top quarks last week by CMS with 7+8+13 (2016) TeV
datasets: arxiv:1804.02610.
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Decay channels / :T;ﬁﬁg?: College

Measurements

@ ~~: mass, coupling, spin, differential
measurements.

@ ZZ—4l: mass, spin, parity, coupling,
differential measurements.

@ 77 coupling.

-

/

o
o
LHC HIGGS XS WG 2016

=

o
n
«
Q

Branching Ratio
R
=

AR ]
~
o]

o
ol

@ bb, WW: coupling. 102l 22 _
@ Others: rare decays like cc, u, Iy, E E
(I, ¢,p)+. P .
v

0°T%y E
Disclaimer g 1
[ Ml 7

@ Lots of precision measurements with 10}y
7+8 TeV datasets. M, [GeV]

@ Choice to concentrate on a subset of
recent results with 2016 13 TeV data. )
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Mass measurements Imperial College

@ decay to ZZ to 4l and ~+: best resolutions and narrow mass distributions.
@ Runl legacy: ATLAS+CMS combination Phys. Rev. Lett. 114 (2015) 191803
@ Runll updates: ATLAS-CONF-2017-046 and CMS JHEP 11 (2017) 047.

CMS 359" (13 TeV)

T T T T T T < )
ATLAS Preliminary [0} <
(5= 13TeV, 36.1 b ——i Total Stat. [ Syst. o :

E
Total  Stat. Syst. ~ v

LHC Run 1 I—IE—! 125.00 = 0.24 ( = 0.21x 0.11) GeV

H—ZZ*—41 | ——m— 124.88 + 0.37 ( = 0.37 = 0.05) GeV

H—yy H—————125.11+ 0.42 (= 0.21+ 0.36) GeV

Combined I—E—i 124.98 = 0.28 ( = 0.19 = 0.21) GeV
P S I S S BN R

124 1245 125 125.5 126 126.5

m, [GeV] m, (GeV)
LHC Run | 125.09 £ 0.21 £ 0.11 GeV

ATLAS 2016 | 124.98 £0.19 £0.21 GeV
CMS 2016 125.26 £+ 0.20 £+ 0.08 GeV

Obergurgl, 17/04/2018 8/41
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Spin and parity measurements

@ decay to ZZ to 4l: access to full event kinematics.

@ ATLAS Eur. Phys. J. C75 (2015) 476, CMS Phys. Lett.
B 775 (2017) 1

SM JP = 07 confirmed by data

ssssssssssssssss

3=, 5 ,,,,,,,,,,, R Ry
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Coupling measurements

London
Runll ATLAS
Runl ATLAS+CMS
JHEP 08 (2016) 045 H-ZZ—4l . . . .
ATLAS and CMS ~+-Observed +1g H-yy ° hd ° °
LHC Run 1 Th. uncert.

W Y H-WwW ° ° o
Loz > H—-bb J d d
[=)] WWwW -

o e H-1t hd
w Yy 1 H= pp o d
om zz — .
> ww P H—=inv °

1T i ~

Yy —

I ww ——
2 —_— Runll CMS

bb —-

Yy —d ggF VBF VH [ttH
I ww e
N had 4 H—ZZ—4] ° . ° °

bb - H—vyv ° ° ° °

W(lz ki H-wWwW . . . °
= M| —————————— 5 H—-bb ° ° °
bb . L . s . 1 1
% 4 2 0 2 4 6 8 10 How ° ° °
o [B norm. to SM prediction H—- up ° °
-~ H-=inv ° ° °
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A few selected Highlights in H—bb London

JHEP 12 (2017) 024 Phys. Rev. Lett. 120 (2018) 071802
@ Dominant QCD background from data.
© U ooy = 0.9 5 (stat) G5 (syst) o

@ Boosted jet of pT > 450 GeV using

o .
3.50 obs (3.00 exp.) substructure techniques.
I P e e na e S RERARARAREE Y 391 (13 Tev)
g 121 ATLAS —e—Data . > g000E L e LI R
? [ {s=13Tev,36.1 10" -\é:'éogo\gbb (n=1.30) 8 F CMS 450 <p <1000Gev -+ W E
£ 10} 0+1+2ieptons £ Uncertainty — ~ 70000 double-b tagger z =
< [ 2+3jets, 2btags ] = E passing region o ‘n‘muum E
% 8; Weighted by S/B Dijet mass analysis | g 6000~ #48 Total background
S F 1 o 50000 . 105 E
= F b w E + Data B
Q 6 - £ il
= F ] 4000 E
> b E E
g ab A 3000 =
; F 1 2000~ E
v 2r — E E
3 F ] 1000 3
3 o Y ot 3
Z = ]
2 3
[ A= N T N U PN SR S | =g e b
> 40 60 80 100 120 140 160 180 200 ER R TG Sy
o " - RS

s

&

"0 60 80 100 120 140 160 180_ 200
(Gev)

m,, [GeV]
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AS measurements

7, ZZ(4l) ATLAS-CONF-2017-047

—— Combined 68% CL

ATLAS Pn‘e\lmmar;
V5 =13Tev, 36.11b"
HeyyandH-zz" -4l
m, =125.00GeV, Iy, |<2.5

70 8
Gy [PD]

I
=
B
E
i
I
«Q
s
S
S

CONF-2018-

2. T T T y
— 68%CL ATLAS Preliminary
— 95%CL Vs=13TeV, 36.1 fb™!

15F % Bestfit
4+ sMm

1.0p

0.5F

0.0f

—osk
5 ) 5 10 20 5

15 2!
Oggr * Brww" [pb]

Imperial College
London

"
@ N
L L

e

o
@

*  SM prediction
+  Bestfi
—— Combined 68% CL

-+ Combined 95% CL
H - yy 68% CL
- H-.ZZ* .41 68% CL

ATLA‘S Prel\lmnary ‘
Vs =13Tev, 36.1 b7
Hoyyand H-2z* -4l
m,, =125.09 GeV'

o

* M prediction

4+ Bestfit
—— 68% CL
eueee 950 CL.

‘ATLAS‘Prehml‘nary
(5=13Tev, 36.1 0"
Hoyyand H-.zz*
m, =125.00 GeV
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CMS grand combination with 2016 data A heiy
@ New channels: ZZ, ggH to bb.
@ Best accuracy to date for ggH (11%), ttH CMS-PAS-HIG-17-031
26%), combination (9%). CMS Preliminary o Observed
(
35.9 fb? (13 TeV) — 10 interval
Sonrtaren 2o Wl o
L ys) T zz| Lo
(=2 -
b - T & "l -
w = bb [ o S——
| o _ wr —+
u o F Loz ——
zi iz — > ww| —
[ r T ——
- o e oo —
F 7z —
| W ——— = ww| _—
u’ . - bb ——
L L L L L L u"" - Wf S~
R s SN
arameter value N ww [
bb —
=171 n —
. T zz| —
= 11759 (stat.) 1358 (sig. th.) T0¢ (other sys.) = wwl ——
bb [y
Runl signal strength etz R e s 8T

+0.03

= 1097338 = 1.09%097 sta) 855 cexpt) 093 (e 287 (hsie

Magn
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Couplings in the x framework London

A s
. T " "
@ Assuming no BSM contributons e v
CMS Preliminary 35.9 b (13 TeV) ' v !
T T T T
> 1 !
g& wZ CMS Preliminary 35.9 fo (13 TeV)
¥l.L T T T
o 107 3 2 B
u L i
£l
T L i
X
1072F 3 [ ]
------- SM Higgs boson 151 |
. — [M, g] fit b —
3 4
10 m:o L i
[Jt2o [ ]
10 4 1 i
3 isp 7 1 1 I ]
o 1 4 e F 1
S 05 E [ ]
5 | I I I [ ]
0 L[JHebb [JH-t i
o 10 1 10 10? 051 O-2z Obow PR — ]
Particle mass [GeV] L Sreon v 20 1ei0n ]
DHQWW DComblne‘d D ‘
0.5 1 15 2
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Differential xs: H— v+ and H— 4l :T)ﬁg:';]' College

ATLAS-CONF-2018-002

2. T T T T T T T T

3 E ATLAS Preliminary | "oz o4 2
9] HoZZ Ho 1y 4 Combined = !
ERRE S it e Pt = : gmovs@moy L
. i 18 3 e
@ ggF, VBF, VH with Ry
£

Powheg-box v2, ttH, "
bbH with Mad- 08

sk 1T “H
graph5_aMC@NLO. | " |
. 02 T Iy
@ Normalised to latest 1o = 2
. g 14 Ve = —
calculations (ggF R T O S LI TN A -
N3LO....) Eah VT el 2 s
. . *E 10 20 30 45 60 80 120 200 C;O 0.9 1.2 16 ;5
@ Stat uncertainties riiGoV] I
dominant: 20-30%. RSPty P o s £ ‘ ‘
e ATLAS Preliminary | i 8 1o ATLAS Preliminary ; :w_”m o
@ Good agreement v vs b e L - 2RI L e
41, and with predictions. * b B W‘W

s
&

@ CMS h— ~v: s
HIG-16-040, 2
HIG-17-025, 1

@ CMS hto4l:
HIG-16-041

8 8

=

Theory/Data
Som e
T
L
Theory/Data
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First observation of ttH production ! London
Phys. Rev. D 97 (2018) 072003

arXiv:1804.02610

5 [Famas | ‘ " e Daa 1 5.1 167 (7 Tev) + 1.7 b (8 TeV) + 35.9 fb™ (13 TeV)
e r ) 7 12
2 [ s=13Tev, 361 1" i E“mj;‘e) - E CMS + Observed
5 X = ) 6L
I 1035')0%Flt [JBackground —| & 10 Supplementary %32\?;?‘2\;?;
F %gtgg- t:ln%) 1 10° tiH Eu:l.ze;
F . (u=0) ttH (=1.00)
L -+ Pre-Fit Bkgd. | 10°F
107 E 10°¢
F 1 10%F
r s 10F
10
E L L L L L
P o] e S RS AR B M A - 1, T T T T T
Bl jsf —1tH (1, =16) + E 2 st ]
DP oL T (=) E T E
s|S s- Bkgd. (1=0) =
52 S ) ] @ 15F
8B o 4 a - ——e S
25 2 —15 -1 05 0 O 10 T T T T T
log, (S/B) -30 -25 -20 -15 -10 -05 00
Iogw(S/B)

] i i V ) .
From multileptons analysis, 13 Te @ From 88 categories combined, 7, 8

data. and 13 TeV data combined.
@ Targetting WW, ZZ, 77 decays. @ Targetting WW, ZZ, 77, bb, 7~
@ Also available for combination: bb, decays. R
~7 decays.

ag
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ttH combination results London
JHEP 05 (2016) 160, Phys. Rev. D 97 ) | arXiv:1804.02610
510" (7 Tev) + 19.7 fb™ (8 TeV) + 35.9 fb™ (13 TeV)
(2018) 072003 = e. e
CMS — 10 (stat O syst)
Eiivae e L = 10 (syst)
(rot) b 20 (stat [J syst)
B i T R LI HHWW?) L ————
EHH - Wwrrzz) [ - p=21 14 A ~ 5%
THH - bB) [— ——— pu=1.4 ‘0 ros H(@zz)
o - =17 cgroer o ttH(yy) TT————
e L
Best it 1 for m 125 Gev o
. . (lol‘.) (s(at.‘.svst) GH(T') L
_- o _ _
A—ch:: " (5=13 TeV, 36.1 fb GH(bb)  ——
iH, Hote Hre—H 15 2 (8. %8 748 TeV  ———
fiH, Hopy et 0.6 07 (705.%%) 13Tev i e
{fH, Hobb ol 0.8 *Se (%3.%02) Combined o
tiH, HoWV Hed 15 ‘00 (%04.%9%) -1 6 1 é é A‘l EL é M 7
#H combined o 12 93 (02,32 Significance | ATLAS | CMS | ™
e I R 3 890 Observed 420 520
Bestfit u, for m=125 GeV Expected 380 4.2 o
More in dedicated talk today at - — 55 -
1645 by Danisle Madaffani L= -26T0% = L2670 1 stat) 4 H(expt) T F(bks )78 17 )]
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raints from couplings measurements imperial College

CMS-PAS-HIG-17-031

BR to invisible: < 0.22@95 s wovoron s proimny e
H \

35.9 fb™ (13 Tev)
T

o 10¢ T T
E CMS
F Preliminary |
8 — Observed E
7E - SM Expected 3
6F E
E 53 06 04 02 & 02 04 06 0a  hs 0o 04 02 © 02 o4 o5
sE E L) L)

E s preiminary 2500103700 cws preiminary 5590202700
af ; E o 0

5 7
3 E
2F E
i E ]
0 £ L i L L L L

0 005 01 015 02 025 03 035

BR\I’\V.
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Q Rare and exotic decays
@ Rare decays «:it
@ Exotic decays / /
@ Decays to lighter ; iE

(pseudo)scalar particles
/\# /
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H(125) — cc Imperial College

London

arXiv:1802.04329

< T

k5 ATLAS Simulation > T T T T T
8 U B=1aTev, i o oo ¢ ATLAS Lpredn -
[ - Ccefficiency 20% 2 Vs=13TeV, 36.1fb" Result E
k= o 41% efficiency WP’ ” 2 c-tags, p? 2 150 GeV MNZ+jets b
z £ =i

=) 2 -z

— w

N
=
|

ZH(bb)
— ZH(co) (100xSM)

3 4567810 20 30
b-jet rejection

Source 0 /0tot < 14FTT T T T T T
Statistical 49% g }% e oy -
Floating Z + jets normalization 31% 3 2'2:‘\‘Hmumumumu\u N
Systematic 87% 8 60 80 100 120 140 160 180 200
Flavor tagging 73% m [GeV]
Background modeling 47%
Lepton, jet and luminosit; 28% ot +2.1
Sigpnal mJO doling y 2% @ Observed (exp.) upper limit o < 2.7(3.9757) pb.
MC statistical 6%

; 80
@ Observed (exp.) signal strength 1 < 110(150757).

Ob rgl, 17/04/2018 20/ 41
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Phys. Rev. Lett. 119 (2017) 051802 CMS-PAS-HIG-17-019

> ggET ™ CMS proiminary 35916 (13TeV)
Q |- - >
3 E ATLAS B 3 F Al categories
Y E R Q oo =07 for mi=125 Gev. S/(5+8) weighted
2 30f VBFtight Vs =13 TeV, 36.1 fb™ ] E + oaa
b= E - | 48 woop— — S4B it
£ E eindof = 30.7/48 1 N e — Bmm'po.\em
8 b 3 & o
£ —e— Data ] g F I:I o
20Fl Background model  J H E
= —— Signal x 20 E 7 ol
15l E [ S~ . . . . . .
El SoomponeTt suBted

10 ] } HHII b bl xxh; Fx P
F T 11{1 1 T i 3 (A )
5E e
E m,, [GeV]
E - 5.0b" (7 TeV) + 19.8fb” (B TeV) +35.9 b (13 TeV)
o E g CMS Preliminary —— Observed
g 2 3 ctodbackgoundany
gE  Of § 8
o -2 E 7
= 3
E| o6 - - Expocted (SM m = 125 Gov)
115 120 125 130 135 140 145 150 155 160 o 5
m, [GeV] by
o 4
. g 3|
@ ATLAS observed (expected) upper limit is 2.8 )
(2.9) times the SM prediction i

120 121 122 123 124 125 126 127 128 129 130

@ CMS observed (expected) upper limit is 2.64 my [GeV]
(1.89) times the SM prediction
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H to ligamma London

- 4
w/z W
e S T T TR -
I3
Zy
o 5 4 s r
JHEP 10 (2017) 112
CMS-PAS-HIG-17-007
o 8 T T T T T 35.9 fb* (13 TeV) - 35.9 b (13 TeV)
= FE ATLAS —e— Data g gfcMs vyl —Observed | dZEcMs oz lly | —Observed | 3
S 7F (5= 13TeV, 36.1 o™ oz S preimnay —_Expected ® fg Preliminary — - Expected

E S E +1st.d S E + 1 st. de E|
= 6 Mas22 B Zjets E o Diteam. 1 2. I
9-N E 115GeV < my, < 170 GeV —— VBF m, = 125 GeV, : : 14 E|
g 5 e ggF m_ =125 GeV g% EB X3 3
S F ! 3 ERE E
E 3 3 e E
g 4 £ 1: 3
z 3t 3 a3 E
= E 1= E| E 3

2F \ , \ \ \ \ o , , , \ \
E 122 124 126 N ][BGﬂé\I] 120 122 124 126 128 m 1[%308\/]

1= . .
e s 5 3 @ ATLAS: observed (expected) 95% upper limit 6.6

A, [rad] (5.2) times SM.

@ |Interpretation also for high mass
spin-0 or spin-2 resonances.

@ CMS: observed (expected) 95% upper limit 3.9
(2.0) times SM.

Magn
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CMS,
=

London
arXiv:1712.02758
@ Test of couplings to light
quarks.
O
@ Complementing Run | R R
H— J/W + ~ searches h home
Phys. Rev. Lett. 114 (2015) § ,

121801, PLB 753 (2016)

341.

250)

Events /1 GeV

4 oan
= B i
[ sackgromnd

[ airon-aeo*
[ 5zen-0:10°

i
g
T
a8

T T T T 21000 T T
ATLAS © ATLAS
=13 TeV, 35,6 10" Ay (5=13Tev, 323 10"
£ 800
2
]

= 1.2}
L“ 3#‘“‘0*.«*.":&0’MMWW i 3 , 81W,’.o.o.»..o,t.,w'.‘..',..,~%".‘A.‘m.«m.o.' ]
80 90 100 110 120 3

+ oaa
== Backoraund Fi i
[ sacigrouna

[T
[ ez

130
My [GeV]

A.-M. Magna

80 90

100 110 120 130

M.y [GeV)

Branching Fraction Limit (95% CL) | Expected | Observed
B(H — ¢7)[1074] 42415 4.8
B(Z—¢7)[1079] 13404 0.9
B(H = py)[1074] 8473, 8.8
B(Z = py)[ 1076 ] 33743 25

7/04/2018 23 /41



Lepton-flavour violating decays Imperial College

@ Run |: 2.40 excess (Phys. Lett. B 749 (2015) 337)...
@ ... unfortunately ruled out by 2016 data.

CMS 35.9 fb (13 TeV, .
00 [T MM AN arXiv:1712.07173
0.51% (0.43%) | h -t BDT fit 36.0 b (13 TeV)
[ 1 Jet
0.53% (0.56%)
[ 2 Jets
0.56% (0.94%)

® Observed

X Median expected
[ 68% expected
[ 95% expected

0.51% (0.58%)

ut,, 0 Jets
1.30% (0.83%)

L]
|
u,, VBF i
E | s\m\wf*?“§>w
]

ut,, 1 Jet
1.34% (1.19%)

ur,, 2 Jets

2.27% (1.98%) -
ut,, VBF

1.79% (1.62%) .

H-pt
0.25% (0.25%)

2 4 6 8 10 12 14
95% CL limit on B(H- pt), %
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Higgs to invisible

Imperial College
London

@ VH, ggH and VBF production modes.

@ VBF most sensitive channel, fit to the
dijet invariant mass.

35.9 fb™ (13 TeV)

> 0% T Aaman Aaman T
@ Data (vv)sfets
8.l cus 4+ W |
G| Preiminary (IS o P
s B-only fit e €0 Top qark
g u u ]
i W [ v msvons

S

102
107
T T
B 2 gren Froun Hoanany
S e 4
F e
Q 05k L L L L L L L L
T e A l
alg —
35 o
8 2l ‘
1000 2000 3000 4000 5000
m; [GeV]

CMS-PAS-HIG-17-023

-1
35.9fb™ (13 TeV)
2 [ T T T T
8 14 CMS Preliminary
= L
£ [ —e— Observed
112+ X
T [ --©- Median expected
o L
é 1+ - 68% expected
o r 95% expected
5 L
= 0.8
E 't
‘g L
g 06
S
5] [
g 04r
o)
° L
0.2
1 1 1 1
Combined ~ VBF-tag  Z(I)H-tag V(qq)H-tag  ggH-tag
Analysis Observed limit | Expected limit | +1s.d. 2sd. | Signal composition
Shape 0.28 0.21 [0.15-0.29] | [0.11-0.39] | 52% qqH, 48% ggH
Cut-and-count 0.53 0.27 [0.20-0.38] | [0.15-0.51] | 81% qqH, 19% ggH
ATLAS PLB 776 (2017) 318 | 0.67 | 039 |0.28-0.56] | [0.21--0.77]] Z(H

DM interpretation: talk by J. Butler Thu 10.10

A.-M. Magna Obergurgl, 17/04/20 25/41
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Higgs to Dark Photons or light pseudoscalars Imperial College

Hypercharge portal Higgs portal

arXiv:1802.03388

—~ 107 T T T T
N g
: , 1 T Tevaet o i
Zy @ C+2
HH</ ;ilto?
Strategy £
g 1077 P .
@ Final state 4, either Z or new vector Zp / 3
pseudoscalar a. g8
. L . 10952 25 30 35 40 45 50 55
@ Search for peak in m distributions. g [GeV]
@ Interpretation in several models, also 2 ST
h— aa — 4/ z Moz,
2 e i
8 5
F E
g 10
L s s siren %o aE
45 50 55 !
m, [GeV]
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35.9 (13 TeV, CMS preiiminary 35.9 fb (13 TeV)

CMS-PAS-HIG-17-024 ~ )
% “fcMs ;mem 5 peced 2HDM+S type il g

St tegy 8 Preliminary o o 4
@ NEW! Large BR in 2HD+S v Combined
models. SF :

:
5
@ eu, ethag, UThad Channels. £
{ Vis in hi vis 5]
@ FitmY3 in bins of my% 2
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Strategy
aa — puTT aa— 4t — putT CMS-PAS-HIG-17-029
5 19.7 fb™ (8 TeV) + 35.9 fb™ (13 TeV)
g i~ 10 T T T
“: 102 2
£ 10 i
R ) R ) b‘gTE 1 N&E = / E
© 10t \ M

@ Parametrise signal and background, look

c
4 o 3
for sharp peak in my,, CI . erey) 3
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v
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@ NEW! Target models with fermionic decays
suppressed, higher BR than 4~ channel. arXiv:1803.11145

@ VBF production: 2 jets with M;; > 500 GeV. — 0.5
. . =y [ATLAS ® Observed 95% CL limit
Qo o o 2 F ~ - Expected 95% CL limit
Higgs decay: 2 jets + 2, 100 <m.;; < 150 E .40 = 13 TeV, 36.7 fb™" s expected it 16 ]
GeV. ; r Expected limit 20
" . © L ]
@ ABCD method for background estimation. 1 0.3F =
I n ]
Photon requirements o n ]
7 . 5 o X 0.2 J
TightLoose | TightTight S C ]
3 b ]
& A @ n ]
7\' 0.1 \ B
g B D OVOZHZ\O‘H‘\H'H\HHS\OHH\‘:
> T >0 e LB o
g T m, (Cev]
I D > 01sf 4 Dal My Tegime Definition Range of m values o [GeV]
2 ;E, ‘ 1 17.5 GeV < 1y < 27.5 GeV <25 GeV 12
s 3 o100 2 225 GeV < moy < ; 12
: = } o Eevemmcnte I
H 5 0.05 5 2 / 24
£ ed © PRI et 1
250 o 20 40 60 80 100
M, ; [GeV] IM;—M, | [GeV]

i

v
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@ BSM Searches
@ Low mass
@ High mass \
® Di-Higgs s SRS
@ Charged Higgs
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SM-like production and decay, and hMSSM model Imperial College

=
5 a
10'g T s e E N/ ww <
F H 5 b s
= o (s=13Tev H 2 =
210 <N 2 =
2 P8 e Ju\ |z
o PR 5
| i P = i 7
2 10) = 5 3
s 8102 - E
1 1910 E 3 " ATLAS Preliminary ]
RSN, 95% CLimits |
101 vy 2y | o

— Observed

, o
e \ .
10° \ ot )

d , L b

\
10 20 30 100 200 1000 2000 "
M, [Gev) 10%55 200 300 400

=]
L

1000
M, [GeV] m, [GeV]

CMS-PAS-HIG-17-031
SM-like: dominant decay to ZZ, WW.

]
@ Opening of ttbar channel above 300 GeV.

@ mpy-tang plane: enhancement of couplings to 7, b.
(*]

Large parameter space already excluded, remaining
region of interest at high mass, low tang.

@ Indirect limits from visible channels with 13 TeV data
already more stringent than 8 TeV direct limits.

1200 300 400 500 600 700" 600" 800 1000
me (GEV)
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Overview of searches for additional neutral Higgs bosons

@ Extensions of SM analyses looking for high mass (pseudo)scalars.

@ More on H— 77 by Michaela Mlynarikova (ATLAS) and Markus Spanring
(CMS) this afternoon.

@ Overall: no significant excess found, limits set in various BSM models.

Channel ATLAS CMS

H— ZZ arXiv:1712.06386 arXiv:1804.01939

H— WW (llvv) Eur. Phys. J. C 78 (2018) 24 | JHEP 10 (2015) 144 (Runl)
H— WW,WZ (lvqq) JHEP 03 (2018) 042 JHEP 10 (2015) 144 (Runl)
H— 77 JHEP 01 (2018) 055 arXiv:1803.06553

@ Dedicated 2HDM (+S) searches: detailed in following slides.

Channel ATLAS CMS
Ho 7y - CMS-PAS-HIG-17-013
H/A— ZAH arXiv:1804.01126 | Phys. Lett. B 759 (2016) 369 (Runl)
A—WH(125), ZH(125) | arXiv:1712.06518 -

Obergurgl, 17/04/2018 32/ 41

A.-M. Magnan



Imperial College
=4 London

Low mass Higgs to v, 70 < my < 110 GeV

Result CMS-PAS-HIG-17

CMS Preliminary 19.7 fo* (8 TeV) + 35.9 fb™ (13 Tev) CMS Ppreliminary 19.7 fb* (8 TeV) + 35.9 fb™ (13 TeV)
+ oSS Ptz . 359" (137 s 16 T T T T T o 1f T 1 T T 3
ey = [H-w — Observed 210 AN 7 3 1c
3 = L 3 s
§ 14 T
& sooo 1 E B Expected £ 10 ] & 10
o r -+ Expected + 20 -| © 1
- I 10 P E g 10
o0 ° [ | S 10
o g ] 10
5 10
8
=
=
1
T
[}

Strategy: bump hunt

0.8

H - yy

—— Observed 8 Tev
—— Observed 13 Tev
Observed 8 TeV + 13 Tev.
Expected 8 TeV.

Expected 13 TeV
Expected 8 TeV + 13 Tev.

0.6

0.4

0.2

| 1 1 |
80 85 90 95 100 105 110 80 85 90 95 100 105 110
m, (GeV) m, (GeV)

@ Local (global) significance @ 95.4 GeV : 2.8 (1.3) o.
@ To be checked with more data!

35913 Ty

3591013 TeY)

CMS Pty 19716 Tew

BRI ~ V), (P0)
0 XBR(H - V), (PD)

G XBRH - W) (D)

) E o )
n, (Gev)
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Events / 114 GeV

Data/Prediction

@ 2 categories: 2b and >= 3b

to target gluon fusion and
b-associated productions.

@ Fit of myyy, in windows of

Mpp.
T 7 T
ATLAS Data
6 - ]
10 Vi=13TeV, 36.1 o' [ bbA, ms =550 GeV
3 Z+{bb, be, bl, cc)
Josf. =300 GeV.my >3 = Top qarks ]
Z+(cl, 1)
" BN Wiets, diboson, Vh
10 -

i

v
Total uncertainty
Pre-fit background

800
Moy [GeV]

@ my >my, Z—ll, H—bb.

ATLAS
Vs=13TeV, 36.1 fb !
Observed 95% CL upper limits on
o % B(A— ZH) x B(H — bb)
gluon-gluon fusion

500 600 _ 700

myy (GeV]

T
TATUAS

m, [GeV]

[JExp. tanp=1
— Obs. tanp=5
[CIExp. tanp=5
+10tanp=5
Obs. tanp=10
Exp. tanp=10
— Obs. tanp=20
[JExp. tanB=20

15 =13 TeV, 36.1 1]

— Obs. tanp=1 ]

200 300 400 500 600 700 800 900 10

m,, [GeV]

0

m, [Gev]

Imperlal College
London

arXiv:1804.01126

ATLAS
Ve=13TeV, 361 fb'
Observed 95% CL upper limits on
@ % B(A— ZH) x B(H - bb)
b-associated production

500 600 700
my [GeV]

o
g/ ATLAs
V5 =13 Tev, 36.1 03]
2HDM fipped
95% CL exclusion |
— Obs. tan=1
[ Exp. tan=1
— Obs. tanp=5
I Exp. tanp=5
10 t@ng=5
Obs. tanp=10
Exp. 1anB=10
— Obs. tanp=20
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ARl
ATLAS gs%ochhmud L) |
- 1 2o Observed (CLs) 3
f=13Tev, 3611 - Expected (CLs) 3
~Zh, h~ B Expected 10 ]

@ W— v, Z— I, vv, and H(125)— bb. | Giomgion uson = Epered 110
@ Resolved and merged topologies.

@ Interpretations in heavy-vector-triplet
and 2HDM.

0(pp— A~ Zh)B(hbF) [pb]

arXiv:1712.06518
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Overview of di-Higgs searches

@ HH in SM: small cross sections O~ 30 fb at 13 TeV.

o
@ HH in BSM: resonant production via new particles, and o
non-resonant enhancements described in Effective Field
Theories (EFT).

@ Non-resonant SM Run | limits: ATLAS 70 (48) x SM (Phys. &

BR(HH—> XXYY)

Rev. D 92, 092004 (2015)), CMS 43 (47) x SM (Phys. i 107
Rev. D 96, 072004 (2017). . .
[ zy W 7z cc éRg(gHinn;)

13 TeV results

Channel ATLAS CMS

4b ATLAS-EXOT-2016-31 CMS-PAS-HIG-17-009

4b boosted - arXiv:1710.04960

2b2W JHEP 01 (2018) 054

2b27 Phys. Lett. B 778 (2018) 101

2b27 boosted CMS-PAS-B2G-17-006

2b2y ATLAS-CONF-16-004 CMS-PAS-HIG-17-008

2v2W ATLAS-CONF-16-071 -
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Summary for resonant HH searches

95% CL limit on o(pp - X - HH) (fb)

95% CL limit on o(pp - X - HH) (fb)

5

35.9 b (13 TeV)

CMS Preliminary

= —— bbyy CMS-PAS-HIG-17-008

i bbivlv JHEP 1801 (2018) 054
—— bbrt Phys.Lett. B778 (2018) 101-127 o
—— bBIT CMS-PAS-B2G-17-006
—— bbbb CMS-PAS-HIG-17-000
~—— bbbb arxiv:1710.04960

— Observed
--- Expected
Spin-0

300 400 500 600

CMS Preliminary

|
1000 2000 3000 4000
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= —— bbyy CMS-PAS-HIG-17-008

35.9 b (13 TeV)
T T T
—— bBiviv JHEP 1801 (2018) 054

~— bbrt Phys.Lett. B778 (2018) 101-127
—— bBIT CMS-PAS-B2G-17-006
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~—— bbbb arXiv:1710.04960
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B4 Imperial College
2 London
. T

.[ ATLAS Preliminary — observed 95% GL limit

O'F 13 Tev, 275361 10" Expected 95% CL limit 3
o
@ [tz
BUk RS, ki, = 1
ATLAS-EXOT-
oL
10E
Gy > HH = bBBE.
L

03 04 05 1

22F ATLAS Preliminary
20F 15=13TeV, 321"

18F
w2 bbyy
ATLAS-CONF-2016-004

10F E

[ Exp. limit +2,,,

14E

95% CL limit on o,xBR, _,
)

8
of E
af E|
280 300 320 340 360 380 400
my [GeV]
& 10 e
= ATLAS Preliminary =~ Observed
£ Expected
T 1s=13TeV, 13.31b"
N I + 1o expected
£ | Wwyy o npocns
2 - .
% )
1
°

NN I
30 400 450 500
m, [GeV]

Obergurgl, 17/04/2018



(e]e]

Summary for non-resonant HH searches

Expected Limits
ATLAS, 281" | A i
anasoorih | 1221 4 Observed Limits

ATLAS, 3167 &

"
- 120 160

ATLAS, 131"

pp—s 390(-3 760)

cms, 36 15
vy | 1719

cms, 35157 |-k
bbec | 2530

cms, 351" am
o e
cms, 21"
bbbb 310340
o2t i i i i i ew
50 100 150 200 250 300 350 400
95% CL Upper Limit on 6,,, ¢eces/ Gy s

Courtesy of M. Kagan, Moriond EWK

@ Reaching O(20 x SM).

@ Can expect O(10x SM) by end of
Run II.

o
Imperial College
London

EFT param from arXiv:1608.06578

Lx :%a“ HO"H — %m‘,{,HQ — ko Asa H

me - 1oy Cag s
» (v 4k H + . HI) (trtr + h.e.) + “W(cg H o HIH) G* G,y

bbr (arkiv:1707.02908) Bbyy (HIG-17-008)
o Observed [6%expected o Observed [ 68% expected
© Median expected [ 95% expected O Median expected [ 95% expected

£, 10¢|- CMS Preliminary 35.9 fb (13 TeV)
= F Assumes SM Higgs 1

I | oanchingfacions

1 [ £ ]

] wl

5 1 s i |

5 0 Iy & EhElE
= - | | . E

£ 1 ¢ f T |

5 I | o g

g | .

2 9
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= 102 1
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Overview of searches for charged Higgs bosons 3 Imperial College

London
Search ATLAS CMS
HT — cs8TeV Eur. Phys. J. C, 73 6 (2013) 2465 JHEP 12 (2015) 1
HEt — cb8TeV - CMS-PAS-HIG-16-030
H* — tb8 TeV JHEP 03 (2016) 127 JHEP 11 (2015) 018
HE = 713 TeV Phys. Lett. B 759 (2016) 555-574 CMS-PAS-HIG-16-031
HEt — th 13 TeV ATLAS-CONF-2016-089 -
HE - WZ Phys. Rev. Lett. 114, 231801 (2015) | PRL 119 (2017) 141802
HEE (1) 13 TeV Eur. Phys. J. C 78 (2018) 199 CMS-PAS-HIG-16-036
HE: & wEw= - arXiv:1709.05822

Talk by Margherita Ghezzi today 17:45
—

Ei==i= +
VBF H . WW 35.9 bl (13 Tev) H — leptons HE* - Wz
i~ T T T T T T T
,?00 — Observed CMS S0 e cvs 15210 @3 Tew
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Conclusion

@ SM Higgs:

@ Observations of all production modes, including ttH.

Observations of "the 5" main decay channels - 3o evidence for bbbar.
Completing coupling measurements in all production modes and "the 5"
decay channels.

@ Reaching 2.6 xSM in rare decay to uu, 4xSM in rare decay to Zv

@ Exploring decays to ccbar and meson++...

@ ... and many exotic decay modes....

@ BSM Higgs:
@ Constraints from visible decay increasingly strong.
Many different searches for signs of New Physics.
At the moment constraining more and more the parameter space.

In the objective "leave no stone unturned", good complementarity between
ATLAS and CMS.

@ Futur Prospects: see talk later this morning on "Higgs and SM at the
HL-LHC" by Tae Jeong Kim.

A.-M. Magnan Obergurgl, 17/0:



Thank you for your attention

But first 2018 stable beam LHC data expected this morning!!
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Resolved couplings in the ~ framework 21 London

@ Assuming no BSM contributions

WMWY R

@ k7 and kp can go negative, not k.
- 3 CMS Preliminary ® Ob: d
. CMS Prellmlnap/ ‘35.9 o (13 T?V) 359 1™ (13 Tev) Serve
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" ] ¢ e
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[Jt20 [
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Effective couplings in the « framework

No BSM decays Ky <1
CMS Preliminary ‘@ Observed CMS Preliminary o Observed
35.9fb™ (13 Tev) =10 interval 35917 (13 Tev) =g inteval

— — 20 interval I,| —2ginterval
K, — ——— L
L Kyl —
Kl e [
i Kl e
K e K-l —
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|Kg| ——— B I~
— inv: i
kol T T o [T Bunder I N I |
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CMS Grand combination 2016
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Analysis
H—oZZ—4l

H—=yy

H-WW

VH—bb

H-tt

H=pp (%)
Boosted H—bb
ttH—>WW/ZZ/tt
ttH—bb (leptonic)
ttH—bb (hadronic)

H—invisible (¥)

Reference
JHEP 11 (2017) 047
arXiv:1804.02716
HIG-16-042
PLB 780 (2018) 501
PLB 779 (2018) 283
HIG-17-019
PRL 120 (2018) 071802
arXiv:1803.05485
HIG-17-026
arXiv:1803.06986
HIG-17-023
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_ 4010 _ +0.06 1+0.06 (i +0.06 -
w=117"51, = 11715 (stat.) 7508 (sig. th.) Tge (other sys.)
. o ttH measurement in Run-1:
Production process | ATLAS+CMS ATLAS CMS
o 23430 19755 | 29459
(%) (757) (753)
o Extremely optimistic back-of the-envelope
projection of CMS expected Run-1 precision
(84%) to 13 TeV luminosity and 3.8x oun:
~35%, compared to actual precision: 28%
* Achieved by:
- Targeting additional final states, e.g. all-hadronic
pu=118 o ~50% reduction in ttHbb, leptons +
uncertainty wrt - Improved analysis techniques, e.g. use of matrix-
“nH ——— CMS+ATLAS r"m element method / deep neural networks
o Best overall constraint is obtained by a
combined measurement with Run-1
0 05 1 15 2 25 3 35 4 data...
Parameter value
10/4/18 Per production mode A Gilbert (CERN) 28
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Production Decay mode
proc ggH VBF WH ZH ttH
Uncertainty | Bestfit  Uncertainty | Bestfit Uncertainty Uncertainty Uncertainty
Stat. value  Stat. Syst. | value  Stat. Syst Stat. Stat.  Syst.
o i T %5 I
(3% it (3 A (39| (3B i ) (82 (3)
o R R e
1) (18) (35 (%) (3 42 (35 8
o T R R R i 0y w0z
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Production process

ggH VBE WH ZH ttH

Best fit  Uncertainty | Bestfit Uncertainty | Bestfit Uncertainty | Bestfit Uncertainty | Bestfit Uncertainty
value Stat. Syst. | wvalue  Stat. Syst value  Stat. Syst.| value  Stat. Syst. | value  Stat. Syst

123 014 H008 4012 |55y 030 4024 4017 |pgg 4058 046 1034 |5 g7 +044 4039 4020 |3 9g +031  +016 4026

013 008 -010 027 023 015 055 045 032 —038 018 027 016 021
+0.11y (+0.07 +0.09 +0.29 +0.24 +0.16 +0.53 +0.43 +0.30 +0.38 +0.19 +028y ¢ +0.16y (4+0.23)
() (o) (Mogs) (Toa7) (Cags) (Tas) (Tosr) o) (oo o) (Foa7 (025 (one) (o)
Decay mode
H — bb H— 1t H—+ WW H— 2772 H— 7y

Bestfit ~ Uncertainty | Bestfit Uncertainty | Bestfit —Uncertainty | Bestfit —Uncertainty | Bestfit —Uncertainty
value  Stat. Syst. | value  Stat. Syst | value Stat. Syst | value Stat. Syst | value  Stat Syst

+029 4019 +0.22 +026  +0.15  +021 +017 4009 +014 +019  +0.16  +0.10 +017  +012 4+0.12
112 To3 Tore To |12 Doz Tans Tote (128 Tons oo Cons (106 Touz o Tons Toos (120 Toar Tom Cowo
+0.28y (+0.19y (+0.21 +0.24y (+0.15y (+0.19 +0.14y (+0.09y 4011 H018y (+0.15) +0.10 +0.14y (+0.10y (+0.09y
Coz) Cong) Cozol|  Co3s) Cana) Canz)| Cons) Cos) (oo (o1e) Cona) Coos (Conz) Cono) Cowr)
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Uncertainty correlations between inputs (™))

o Signal theory uncertainties, generally correlated:

- Systematic uncertainties on cross section due to renormalisation and factorisation scales
and PDFs correlated, as are those on branching ratios due to partial width uncertainties
- Underlying event and parton shower uncertainties also correlated

o Background theory uncertainties, generally correlated:
- When backgrounds are normalised from MC correlate uncertainties on cross section

- E.g.tt+HF correlated between ttH— bb hadronic and leptonic analyses

e Correlation of experimental uncertainties, generally uncorrelated, except:
- Luminosity
- Pileup modelling in the MC simulation
- Jet energy scale: correlated between the channels with high sensitivity to this uncertainty
(e.g9. H—1T, VH(bb), ttH(bb))
- b-tagging: correlated between ttH channels, but uncorrelated with VH(bb) channel which
is sensitive to different kinematic regime

10/4/18 A. Gilbert (CERN) 57
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Contributing analyses &

H—ZZ—-4l (June2017)

oo [ vor | v | -
Hozzoal S o ¢ Main systematics:

ey | e o - e || £ .

o - - - - £ - lepton ID efficiency

Hobb B . . o 570197] - theoretical uncertainties on
How . . . i ggH prediction

Hopp . . N

H—inv . . .

o
%6 80 90 100 110 120 130 140 150 160 170
m, (Gev)

H—yy (April 2018)

cMs 3590 (13 Tev)

o A
ool ot e et 10

e Paper submitted today, arXiv:1804.02716

Events / GeV

i

¢ Main systematics:
- Photon identification and energy scale

- theoretical uncertainties on ggH prediction

» Differential measurements also performed in both channels (not covered in this talk)

10/4/18 A. Gilbert (CERN) 15
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Contributing analyses cERn

H—-WW
ggF VBF VH tH . . :
FPUVT I B R R » Dedicated event categories targeting ggH (0/1
Howy e e e jet), VBF and VH production, control regions to
o III determine WW, top and DY backgrounds
:::. ’ ¢ Categories for same-flavour (ee/pp) lepton final
H-iny : . : state as well as different-flavour (ep)

_ CMSerefiminary 35817 (13 TeV) CMS Preliminary ~ 35.9 f5 (13 TeV)
e Main systematics: 3 o g, w o
8 by Xi i — Combination
- background LR T fa )
- _——
determination g s 1-jetmr »
2 oy B =029 38 o = 12870
- luminosity A
15 P —
. _— B e 3z am
- theoretical uncertainties 10 = twT i EEE—
on signal normalisation 5 o e
F— P =100 0
and acceptance u -
9 o T
8 o8 1 2 3 4 5
60 80 100 120 140 G/USM
m; [GeV]
10/4/18 A. Gilbert (CERN) 16
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P
Contributi | o
ontriouting analyses 1
ggH—» bb (Sept2017)
. 35.9 " (13 Tev).
FPEOMS Ly o w3
g9sF  VeF VM o g 000 - z E Observed signal strength
Hoz2z-4l - . . . 2 aoof oo Expected UL signal strength < 33
Hoyy . . . . 2 sk Observed UL signal strength < 5.8
Howw . . . . ook Expected significance 0.7¢
Hobb E . o0 Observed significance 150
2000f-
:*" ° ° ° ok —1 Dominant QCD background from data
—up . .
H-inv . ° . | of Reconstruct H—bb decay within a single
E ERN | ~{boosted jet of pr > 450 GeV, using
| substructure techniques
VH—bb (Sept2017) dl A o o w T qf
R 359157 (13 TeV)
fwlers T Vom e : :
& s St Data used  Significance  Significance  Signal strength * Main systematlc
= expected  observed observed uncertainties from
Run1 25 21 0.89*04
Run2 28 33 background
Combined 38 38 1060 normalisation and
BDT-based discriminant in 0, 1 and 2 model |ing, MC
lepton categories with high pr(V) statistics, b-tagg i ng
Main backgrounds from V + HF/LF jet . !
production and tt EfﬁCIency
0% 88 0d 02007 07 05 08
8DT output
10/4/18 A. Gilbert (CERN) 18
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Contributing analyses

H-pp
CMS preiminsiy 35.9 b7 {13TeV)
ggF  VBF VH ttH 3 rﬂi«..:” o Al catogorios 1
& el =07 forme125 Gev. S/(S+8) weighted i
HoZZoal o . . . e + o Weighted sum of all 15 event
3wl SiBi i
How S : categories
& ol Bw
H-WW . . . . ]
b il
How H
o . . . . . . . —
Howu B componertsubected H=0.7+1.0
H—iny . . bl b e
'If T P\m yliq!1 LR LT AT Sl
ZEt
) e T T
H—1t L

359" (13TeV)

= per _* Main experimental uncertainties
from T and piss scales,
background normalisation and
MC statistics

¢ Main theory uncertainties on
signal cross section and gluon-
fusion category migration

(Obs. - bkg)

m, (GeV)

~ 0.27
= 100755

10/4/18 A. Gilbert (CERN) 19
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F tion p-value (7syg) DOF  Parameters of interest

Global signal strength 6.12% (3.51) 1 u

Production processes 921% (946) 5 g pver. Pwi iz far

Decay modes 43.4% (4.85) 5 T, pE, W T, kb

;- BR/ products 504% (213) 22 oggn - BR®Y, oo - BRYT, o - BR™WY, opon - BRZZ, o - BRYY,
over-BR', - over - BRYY,  ovgrBR™,  over-BR'?, own:BR™,
o BR™Y, oy - BR™, oy - BRY, O7H BR™, oy BRYWW,
a1+ BRE, 0711 - BRYT, Gy - BRYY, 0za - BR™WY, oy - BRE, o - BRTT

Ratios of & and BR relative to gg —+  24.5% (11.5) 9 ;(iﬁ o MVBE/ figgH, MwH/liggt, Hzu/Pggh,  Hun/ PggH, ;JWW/;IZZ,

H 272 m«//‘“zz, e /‘“zz’ be/ﬂzz

Simplified template cross sections  17.2% (14.0) 10 oyi-BR™,  over ‘BR™, 0y y(gq - BRZ, oy )  BRP,

:li;zhzbmmhing fractions relative to ity ziet fow) - BRZZ, o1 - BRZZ, BR™ /BR?Z, BR™ /BR?Z, BR™WW /BR?Z,
BR"7/BR™

Couplings, SM loops 35.4% (5.54) 5 Kz, Ky, Kt, Kr, Kp

Couplings vs mass 17.1% (3.54) 2 M,e

Couplings, BSM loops 57.7%(5.68) 7 Kz, Kw, K, Kr, Kp, Ko, Kg

Couplings, BSM loops and decays  78.6% (5.5 9 Kz, Kw, Ke Kr, Kby Ko, Kgy BRiny , BRunder

including H —+inv. channels

Ratios of coupling modifiers 56.7% (577) 7 gz, Awz, Az, Mg, Mz, Az, Azg

Fermion and vector couplings 16.9% (3.55) 2 Kp Ky

Fermion and vector couplings, per ~ 63.9% (7.89) 10 }", o7, kW, k77, 1", 5P, k1T, kW, kZZ, k)Y

decay mode

Up vs down-type couplings 255% (4.06) 3 Ay Adur Ko

Lepton vs quark couplings 26.5% (3.97) 3 Agrdvg kg
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Coupling modifier model w

e Use the LO coupling modifier or "kappa" framework to probe for deviations from
the SM

o Parameters scale cross sections and partial widths relative to SM

2 _ SM 2 _ popSM
K; =0/, k; =T/
7i(%) - T (%) T _ &
T~ 7= (BRoae 7 5B

H

= 0 BR = where total width I given by

S

.2 J .2
where x}; =3 BRI,k
I

¢ Option to consider decay to BSM particles via BRundet and BRiny terms which also
scale total width

BRinv: Scales signal normalisation in direct H—invisible searches
- BRundet: Represents branching ratio to any final state not directly detected by analyses

10/4/18 A. Gilbert (CERN) 41
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Coupling modifier model

* Summary of how all production and decay processes scale as a function of the k

parameters:
Effective
Production Loops Interference scaling factor Resolved scaling factor
o (ggH) v bt Kz 1.04 - 7 +0.002 - 2 — 0.038 - Ky,
(VBF - - 073, +0.27 - 13
T(W - - Ky
v(qq/qb — ZH) - - 7
o(gg — ZH) v Z—t 2.46 - k% + 047 - &7 — 1.94 - k7K,
o(ttH) - - K2
o(gb — WtH) - Wt 291 K7 + 240 - Ky — 422 - Kekwy
o(gb — tHgq) - Wt 2,63 K7 +3.58 - Ky — 5.21 - kikw
(bbH) - - K2
Partial decay width
T - - K7
ww - - 2,
v v Wt 2 159k, +0.07 - 2 = 0.67 - Kyt
re - - K%
rbb - - x‘%
T _ _ 2

Total width for BRygy = 0

058 + 022k, + 0.08 - K3+

I'n v - Ky +0.06- x2 +0.026 - k% + 0.029 - k24
400023 52 + 0.0015- x5, +
+0.00025 - xZ 4 0.00022 - &,

10/4/18 A. Gilbert (CERN) 42
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Coupling modifier model

» Contrary to signal strength model have interference effects in some production

and decay processes:

Effective
Production Loops _Interference scaling factor
o(ggH) v bt 12

Resolved scaling factor

1.04 - 57 +0.002 - k2 — 0.038 - Kk,

Gluon fusion production can be
scaled by an independent effective
coupling parameter:
allows for contribution of BSM
particles in the loop

]

intesference

K 4P Kt

Resolved in terms of t and b couplings

Partial decay width

I ! - - K7
ww _ _ K
I v Wt X3 159 - kg +0.07 - & — 0.67 - kit

Similar for H—+yy. When
resolved into scaling by k:and
Kw we are sensitive to the -
relative sign: Fyy/Tyy$M=2.3
when kweke =-1 «

Effective coupling

Resolved in terms of t and W couplings

10/4/18

A.-M. Mag|

A. Gilbert (CERN)

Obergurgl, 17/04/2018




ttH combination
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TH = 1.261’0 3l —1. 26+8 %g(stat)fgiﬂ(expt)fg‘ 3(bkg th)"'0 1?(€1g th)

Each of the four uncertainty
components of comparable
magnitude

+ More detailed breakdown into
sources reveals the specific
uncertainties that dominate

« Signal theory mainly from
inclusive ttH prediction

« Background theory mainly
from tt+heavy flavour
prediction in ttH(bb)

« Experimental more varied, but
lepton efficiencies, lepton mis-
id, b-tagging and MC stats all
important

10/4/18

Uncertainty source An

Signal theory .15 —0.07
Inclusive ttH normalisation (cross section and BR) 5 —0.07
ttH acceptance (scale, pdf, PS and UE) 004 —0.004
Other Higgs boson production modes 002 —0.003

Background theory T004 013
tt + bb/cc prediction +0.13 —0.11
tt + V(V) prediction +0.06 —0.06
Other background uncertainties +0.03 —0.03

Experimental +0.17 —0.15
Lepton (inc. 1) trigger, ID and iso. efficiency +0.08  —0.06
Misidentified lepton prediction +0.06  —0.06
b-Tagging efficiency +0.05  —0.04
Jet and 7, energy scale and resolution +0.04  —0.04
Luminosity +0.04 —0.03
Photon 1D, scale and resolution +0.01  —0.01
Other experimental uncertainties +0.01 —0.01
Finite number of simulated events +0.08  —0.07

Statistical +0.16 —0.16

Total +0.31 —0.26

Due to correlations in the combined fit between parameters in
different sources the sum in quadrature of sources =total component

A.Gilbert (CERN) 34
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Contributing analyses

ttH— bb (hadronic) (March 2018)

Large QCD multijet background, mitigated with quark-gluon discrimination
ggF  VBF  VH  ttH
H—ZZ-4l . . . . % T3
H-ryy . . . . 5 7,30
H-WW . . . - g 8,3
£ =9j, 30
H-bb . . E B e
How . . . 8, =40
Houp . . =9j, =db
N b cats
H-viny . . .
@ 4b cats
2 Combined
2 I
3 10
ttH—bb (leptonic) (March 2018) Best it i = 0/o, at m, = 125 GeV

» Utilises multivariate methods to
separate signal from background:
- 2D BDT + MEM approach in dilepton
- Deep neural network classification in
single-lepton

359" (13 Tew)
T

T T
CMS Preliminary

Wt sal epst

Events / Bin

Dilepton|  +—+—m—+—i  -0.24 1}51 05 10

. 7 0
oo Single-lepion e 084 T35 G5 TR

¢ Main systematics include b-tagging

efficiency, MC stats., and tt+heavy
flavour normalisation and modelling

Combined e 072 0E 985S

L s ,

: T 2 [

Bostfit p = oo atm,, =125 GoV
s M

Data /Pred.

10/4/18 A. Gilbert (CERN) 22




0000000000000 0000e

Contributing analyses
ttH—multileptons (varch 2018)
goF  VBE | VH _tH « Six search categories based on number of light (e/p) leptons
wazea - .- ] and hadronic taus
Hoyy . . . .
Howw . . . o )
udu. . Discrimination from main backgrounds (ttW, ttZ, lepton
= . . .
e . . | fakes) via a mixture of BDT and matrix element method
Hopp . . techniques
Hevinv . . .
« Main systematic uncertainties: lepton efficiencies, lepton
mis-id., normalisation of irreducible backgrounds
cms 35.9f5" (13 TeV) cms 35.9 fb! (13 Tev) cms 35.9 fb” (13 TeV)
2] . L
£ 9 - S raraans g 15E ma e e apions | Combined [ n=1.23 04 [ 22stat 2 (syst]
> 8- @ [EIMisid. leptons = [=(rd Uncartainty L
O F mmweww IFlips. W 40 mmiw s dww 2ss E
Bwzezz Unceraity sk Ewrezr ez, L
6 s+, 20 n=-152 70 -
5 no-missing-jet ales r
25} wss [ -
M p=terom [
a 2 2ss+tr, [
15 p=osa e [ 1T
2 10] 3l L
! E w=os2o7 [ —
A — o 3+, [
ik Hh p=taene —_
BlE LT D b 1] ot
i osg] || D 1 I S ' 0T e B
0z 04 06 08 1 e 3 r 3 3 3 2 4 0 1 2z 3
Discriminant Discriminant Best fit (tTH)
10/4/18 A. Gilbert (CERN) 2
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Run-I diHiggs results Imperial College

o E T T T T T . 17.919.7 b 8 Tev)
g E 7‘ g T - 3
= [ ATLAS (s=8TeV,20.3fb B =4 OMS oy ———— yybb (arXiv:1603.06896) 1
= E ] T PO oo ———— DBDD lowmass (PLB 745 (2015) 560) _
T —e— Observed bbtt exp I and narrow width for X = bBbb high mass (arXiv:1602.08762) 3
T CE Tttt e T ————  11bb low mass (PLB 755 (2016) 217)
T Expected Wiy ex ° B mid. mass (CMS-PAS HIG 15.013)
) r [ + 10 expected —— bbyyexp 7 £ ———— cibbhighmass (CMS-PASEXO-15008) 3
ES L + 20 expected — — bbbb exp < radion A=1Tev El
% 1E T - - radion Ay=3Tev ]
=) E a -
o C ] 2 — Observed 3
© 4 ° - Expected |
10 s
E = WED: gg- X, ki=35
F E pcotateg
L i 3)
102 E
S N T T DN R | %‘? |
300 400 500 600 700 800 900 1000 3

m,, [GeV] m;pmro(Gev)
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PAS-HIG-17-008 /11

hh - bbyy CMS

* Event Selection
— Two ¥’s and two jets

— my, and mj; in Higgs mass window

— BDT classifier, including b-tagging
information, used to define
high/low signal-purity events

— Classify “mass region” with

corrected total mass:
MX = mjjyy —m” - myy + 250

* Main background from QCD

* Signal estimates

— Likelihood fits simultaneous to my,
and m,, with parametric functions

Events/(1 GeV)

Events/(5 GeV)

CMS Preliminary
14

[ pp—HH-bByy
[~ High mass region

1ol High purity category

36.9 b7 (13 TeV)

} oaa

Full background model |

+=++=+- Nonresonant background |

—— SM HH Signal (x20)

CMS Prelirinary

T
70 18
Meyy) [GeV]

pp—HH->bbByy
25 High mass region

High purity category

35.9 57 (13 TeV)
} om f
= Full background model -

+ssvaes Nonresonant background

—— SM HH Signal (x20)

40 180

M(jj) [GeV]

160

018

62 /41



hh —» bb‘C‘C CMS Phys. Lett. B 778 (zms)ml/m

PAS-B2G-17-006

cMS ssat 13 Tew)
asoved 2 15,
channal

* Final states: (e/p/ty, + Ty, )+2 jets or 1 large-R jet é
— Low / high mass resolved, and a boosted selection § 4 L"ii

— For my>1 TeV: dedicated boosted di-T reconstruction

o

— Categorizeby 2/1 b-tags 0!
i S ij S0 30 0 im0 1000
— Main backgrounds: Top, Z->1t, Multijet e
— sonraney
N T L
. .
* Selection: é

— Likelihood fit to estimate m_., including p™
— my,and m, in Higgs mass window

— BDT used to reduce top eventsin (e/p + 1, ) channels

* Signal estimates in likelihood fit to discriminant:
— Resonant; mgmFit

— Non-resonant: M,

o) T A0 00 5000 500 4o

m, (GoV)

018
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CMS hh — bbbb

[e]e]e] lelele)

arXiv:1710.04960
PAS-HIG-17-009 22

Resolved

— 4 b-jets, combination of’

Higgs candidates with
smallest 2 when compared
with expected Higgs mass
Parametric fit to m,,
distribution constrained
from mass and b-tag
sidebands

Boosted
— Two large-R jets, passing

N-subjettiness substructure
requirements

— Dedicated MVA "double-b-

tagger” used to identify
Higgs candidates

— Parametric fit to my,,

distribution

Events / 20 GeV

Data - Fit

350 1" (13 ToV)

m, (Gev)

3591 (13 TeV)

TT category: Signa region 3
+ Data

—— Background pre-fit
== Background post-it B
-+~ Bulk graviton 1600 GeV'
—— Bulk graviton 2500 GeV'
signal cross section =101

2000 2500 3000
My g GEV]

I, 17/04/2018
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hh — bbbb ATLAS NEW!

* Selection:
— Resolved: 4 b-tagged jets

— Boosted: 2 larger-R jets, with
2/3/4 small-R b-tagged jets

ATLAS-EXOT-2016-31

Signal region:
— Both Higgs candidate masses

consistent with expected m,
within resolution

Background 90% QCD b R

L]
— Estimated from data with Boosted 2 | ATHASERO
fewer b-tags Wf wf ‘
* Signal Estimation @k IM
— Binned fit to my,, distribution - 3 LRI ]
,5% %% 05 1 15 2 25 e

A.-M. Magnan Obergurgl, 17/0: 65/ 41
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Systematics p

* ATLAS 4b [ATLASEXOT-2016-31
— B-tagging: 12-14%
— Jet energy scale: 6-7%
— Background model: 2-6%

* CMS bbrtt |:l’hys. Lett. B 778 (2018) 101:]
— Tau energy scale, Jet energy scale, b-tagging: 2-10%

* CMS bbyy [ras-HIG-17-005]
* Jet energy resolution, b-tagging: 3-5%

A.-M. Magnan Obergurgl, 17/04/2018 66 /41



000000e

hh—WW?yy and hh—bbVV(-1vlv) /e

ATLAS-CONF-2016-071
T T T T

% 1l relimina ¢ Data -
* ATLAS WWryy R o emrarevrase oCmewmse
) ) 3 E SMdiHiggs 1
— Require 2 y’s and B PR
0/1 lepton (e/p) } H
— Parameterized fit to m., to for sty |
signal search : ff*,.,..“ml‘- ,.A.‘....*j 4
° h 110 120 130 1)«7 5‘0 -
m, [GeV]

* CMS bblvlv
— Require 2 leptons (e/p) and
2 b-jets

— Parameterized Deep Neural
Network output distribution fit
for signal

Data/sim.

14 T _‘
12 .
‘E.,..,e"-,H:H.'ﬁfs...,w,.m.‘.w..m“t,w“_h o ‘
08 H 4
b —
o I —
DNN output at x; = = 1 (SM), m bins

A.-M. Magnan Obergurgl, 17/0: 18 67 /41
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