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= Phenomenological profile in 1976
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We should perhaps finish with an apology and a caution. We apologize to ex-
perimentalists for having no idea what is the mass ot the Higgs boson, unlike the
case with charm [3,4] and for not being sure of its couplings to other particles, except
that they are probably all very small. For these reasons we do not want to encourage
big experimental searches for the Higgs boson, but we do feel that people performing
experiments vulnerable to the Higgs boson should know how it may turn up.
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[ 10.5170/CERN-1990-010-V-2 ][ arXiv:1610.07922 ]
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LHC — the lord of the rings
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See talk by K. Melnikov.

How SM Higgses are born

[ http://cern.ch/go/cWHS8 ][ hitp://cern.ch/go/Sn)8 ]
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July 4, 201 2: looking up to a new boson
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Standard Theory of Particle Physics
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Standard Theory of Particle Physics
B I

—50,9,0u9;, — 95 F " 0ugig,97 — 1921 Can90909, + 5192 (@ " q]) gy + GO* G + g, f* 0, GGy, —
AWFo,W— — M2WHW - — 19 ZOa 29 — 3 M?Z079 — la A0,A, — 10,HO H- ) ¢+a o
v Pv pw e 2% M
M2G+6m - 10,60,0 — s MO — [23§2+2MH+ U+ +26767)|+ B an — igeald, ZYW W, —
WIW) — Z) (et g S

A (WFO,W, N
gzcﬁ,(ZgWﬁF
Wiw;) — 24 OTOT +
AH?*¢t ¢ +2(¢0)2H2] ng+W H— §9MZOZOH 19[W+(¢Oau¢ —¢ 3u¢0) (020,07 — ¢+3p¢0)] +
Lo[WH(HOub — ¢ 0,H) — Wi (HOb+ — ¢+a H)| + L2 (ZO(HO, 00 — ¢°0,H) — ig M Z(Wi o —

W, ot) +igsy MA(W,ie™ — W ¢+) - zg ZO(¢+3,L¢- — ¢~ 0 ¢+) + 1G5, u(c;b*(’?ud)" — ¢~ 0,0%) —

i92w+W‘[H2 (¢°)* +20"¢7] — g 2(,%,2222[1’{2 +(¢°)* +2(2s%, - ¢+¢ | — 1P 2000 (Wi +
Wy ¢t) — Lig? e ZOH(W,F o~ — W, o) + %gzswAuqu(Wchﬁ‘ + Wi ot) + Lig?s, A, H(W+¢‘ Wogt) —
g (2, — 1)Z0A ot — gl A AT — eNYD + mp)et — Mo — (78+m Juy d’\(76+md)d’\
igswAu[—(EM"er) + 2(udyu}) — 3 (dyyPd))] + 122 Zo[ (M (1497 )v) + (@ 7"(48 —-1- 75)6 )+(u (58
L=7")u}) + (3" (1 = 583 = 7°)d)] + 25 Wi (79 (L +97)e*) + (@39* (1 +9°) Onedf)] + 5% 33"V C[@ 7"(1+

PWA) + (d5CL A" (1 +7%)u A)]+2fM[ 6t (M1 = 7)) + 67 (@ (1 + 7)) — 47 [H(re) +

i0°(e*°eN)] + 53¢ [—mf (@) Con(1 = 7°)d5) +miy(a 1 Cw(1+ 7)) + ﬁ%ﬁb— MA@ Cl (1 +7%)uf) —

m (@01~ V)] — $™H (@hu)) — $74H(Dd) + 27260 (@) — 9740 (D)) + X+ (0 —
M2)X++X"(82—M2)X‘+X°(82 - y—;)X°+Ya2Y+igcwwg(a X0x- 0, X+X°)+zgst;(8 VX —
O XTY) +ige,W, (9, XX =9, XX*) +igs, W, (0, XY -0 }_’XJ’) +’égch0(8 X+X+ 0, X X7)+

195 A (0, XX+ = 0,X"X7) = LgM[X*X*H + X~ X~ H + £ X°XH] + 132%ig M[X* X ¢+ —

X=X ] + 5 igM[X°X ¢ — XOX*¢] + igMs,[X°X ¢ — K0x+g- ]+ ng[X+X+¢° X-X—¢"]
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Mass peaks: mass measurements
=5

19.7 b (8 TeV) + 5.1 fb (7 TeV)

= x103:
B 35f S/(S+B) weighted sum
~ - ¢ Data
*g 3 E S+B fits (weighted sum) > Cll\ﬂsl — ,;1 f|b 1 |; Vgl =|8 Tevl’ I_I= 1lg7| fb1
G>) ogE T e B component © 35 "_ e Data ]
o : - 110 O] - N
8 2 S e ~~—wu W +26 (40 C ﬁ .Z+X i
E L .f o S0 4 . ]
o 1.5¢ (2, - ’
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Mass peaks: mass measurements
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CERN
\
N

n [ arXiv:1503.07589 ]

ATLAS and CMS —e— Total " |Stat. 1 Syst.

= Combined LHC mass measurement

LHC Run 1 Total  Stat. Syst.
ATLAS H—yy —— 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 I i 124.51+ 0.52 ( £ 0.52 + 0.04) GeV
CMS H—ZZ —4l 125.59 £ 0.45 (£ 0.42 £ 0.17) GeV

ATLAS+CMS 7y 125.07 £ 0.29 ( + 0.25 + 0.14) GeV

ATLAS+CMS 4 125.15 + 0.40 ( + 0.37 + 0.15) GeV

ATLAS+CMS yy+4l 125.09 + 0.24 ( + 0.21 + 0.11) GeV

23 ERY 125 126 127 o8 T29
m,, [GeV]

enjoying.higgs@cern.ch  GRC Particle Physics 2017



> T L T T T T
= |§ E ATLAS and CMS
< | LHC Run 1
o
e > 10" E
MIL

1072 =

¢ ATLAS+CMS
------- SM Higgs boson

1073 ¢ . E
- — [M, €] fit
[]68%CL
[ ]95% CL
10%E L el E
107" 1 10 10?2

Particle mass [GeV]
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Run 1 in two plots
N N

ATLAS and CMS —e— Observed +1o

LHC Run 1 W Th. uncert.
A F] T [+ [ -
77 '5-_ ¢ _|‘§ I ! '
WW "; —;-0— -Ih— i —— | ; ——
T —+— -;—0— —— i _i_._ _._;_
. ; .i i
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6 - B norm. to SM prediction
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= Run 1 in one word

N,

[ JHEP 08 (2016) 045 ]

ATLAS and CMS
LHC Run 1
Y =
Y4
WwWw —
T
bb .

5 4 2 0 2 4 6 8 420 2 4 6 8
ggF VBF WH ZH ttH
6 - B norm. to SM prediction
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Precision

* Mass
* Spin-parity

* Cross-sections

Discovery

* Couplings to
fermions

Known
unknowns

* Rare decays

* Self-coupling

* Off-shell
production

enjoying.higgs@cern.ch

Unknown
vunknowns

* BSM decays

* Anomalous
couplings

The Higgs Union spectrum after Run 1
I

Other
scalars

* Charged
* Heavy
* Light

GRC Particle Physics 2017



| LHC in Run 2: 2016

CMS Peak Luminosity Per Day, pp, 2016, Vs = 13 TeV

CE/RW
\

Data included from 2016-04-22 22:48 to 2016-10-27 14:12 UTC

Max. inst. lumi.: 15.30 Hz/nb

[
8]

15 1.5X nominal

=
(=]

10 |HC nominal luminosity rate

Peak Delivered Luminosity (Hz/nb)
U1

Y \\ X
&\1\9\‘ N e e .&P"’Q y‘er N NB: this was with 80%

Date (UTC) proton bunch occupancy
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= A large crop of data

\
7%

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2016-10-27 14:12 UTC
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A fast crop of data
e

CMS Integrated L

f

Data included from 2010-03-30 2 O ] O
—— 2010, 7 TeV, -

= O = 2011, 7 TeV, ¢ 20 ] ]
7

A | 2012, 8 TeV,

H— o 2012 = Y,
2015 = %83 ! qgain.

A2016 =& ! )
10 / 110

o* N ) N ) Q (53 N c
> o ) D © o e
Date (UTC)
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CERN

\
N,

Min. bias

Wz

Z

Single t (s-ch.)
Single t (t-ch.)
tw

tt

ggH

VBF

VH

—~ ttH
11(0.7 TeV)

tt (0.9 Tevg
_gqq (1 TeV
gg (1.5 TeV)
G~ 53 Tevg
Z'SSM 4 TeV
HSCP g 22 Tevg
W'stb (2 TeV
(1 TeVv)

X .. X
XX 2015 Tev)

5/3" " 5/3

An excellent crop on all fronts

Predicted cross-section ratios

1.09
2.04
2.04
1L
2.56

2.28
2.38
2.01

3.21
3.29

8.3

35 >
26 >
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(G'L)Run 2™ (GL)B TeV
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An excellent crop on all fronts
3%
Predicted cross-section ratios |

ggH

Higgs

8 TeV

N\
§ (o-b).. 2|> (o-L)

1 10

1370w/ Og Tev
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CERN
\
X7
[ http://cern.ch/go/6qmZ ]
Full Title Ref Code
hoyy, ZZ, WW
of fiducial, differential and cross sections in the H — yy decay channel with 13.3 fb"! of 13 TeV proton- ATLAS-CONF-

proton collision data with the ATLAS detector 2016-0677

Study of the Higgs boson properties and search for high-mass scalar resonances in the $H— ZZA{*}— 4\ell$ decay channel at $Vs = ATLAS-CONF-
13§ TeV with the ATLAS detector 2016-0797

Measurements of the Higgs Boson fiducial and differential cross sections in the 41 decay channel at 13 TeV with the ATLAS ATLAS-CONF-
detector 2017-0327

Measurements of the Higgs boson production cross section via Vector Boson Fusion and associated $WH$ production in the
$SWWAast} — \ell\nulell\nu$ decay mode with the ATLAS detector at $Vs$ = 13 TeV
h—bb, 77, up

ATLAS-CONF-
016-1

Search for the dimuon decay of the Higgs boson in $pp$ collisions at $\sqrt{s}$ = 13 TeV/ with the ATLAS detector

+ Figures?

Search for the Standard Model Higgs boson produced in association with a vector boson and decaying to a $b\bar{b}$ pair in $pp$ ~ ATLAS-CONF-
collisions at 13 TeV using the ATLAS detector 2016-091¢7

Search for Higgs boson production via weak boson fusion and decaying to $b \bar{b}$ in association with a high-energy photon using  ATLAS-CONF-
the ATLAS detector 2016-06317

"Search for the Standard Model Higgs boson produced in association with top quarks and decaying into a bb pair in pp collisions at ATLAS-CONF-

s = 13 TeV with the ATLAS detector" 2016-0807
tth
of fiducial, di ial and cross sections in the H — vy decay channel with 13.3 fb" of 13 TeV proton- ATLAS-CONF-
proton collision data with the ATLAS detector 201608
y . " . . . ] ATLAS-CONF-
Search for the Associated Production of a Higgs Boson and a Top Quark Pair in Multilepton Final States with the ATLAS Detector e

"Search for the Standard Model Higgs boson produced in association with top quarks and decaying into a bb pair in pp collisions at ATLAS-CONF-

s = 13 TeV with the ATLAS detector" 2016-0807
Combination of the searches for Higgs boson production in association with top quarks in the Sy, multi and {b}$ decay  ATLAS-CONF-
channels at $Vs$=13 TeV with the ATLAS Detector 2016-0687

Combination

Combination of the searches for Higgs boson production in association with top quarks in the Syy$, multilepton, and $b\bar{b}$ decay

channels at $Vs$=13 TeV with the ATLAS Detector 2016-0687

Combined measurements of the Higgs boson production and decay rates in H— ZZ" — 4t and H — yy final states using pp collision ~ ATLAS:CONF-

data at Vs = 13 TeV in the ATLAS experiment 2016-0817

Rare and BSM production or decay

Search for new phenomena in the Z(— ) + E;™S final state at Vs = 13 TeV/ with the ATLAS detector A;;?GS;)CS‘;NF'
o

Search for dark matter in association with a Higgs boson decaying to two photons at $\sqrt{s}$ = 13 TeV with the ATLAS

detector , Figures?
[NEW] Search for Dark Matter Produced in Association with a Higgs Boson Decaying to $b\bar b$ at $\Ws=138 TeV with the ATLAS ~ ATLAS-CONF-
Detector 2017-02817

irec?, arXiv

PUBLISHED | Search for Higgs and $2$ Boson Decays to $\phil,y$ with the ATLAS Detector Figures

Inspirec?, arXive?

Higgs Physics
CMS-PAS-HIG-17-015

CMS-PAS-HIG-17-006
CMS-PAS-HIG-17-003

CMS-PAS

2016/08/06

2016/08/04

2017/05/15

2016/11/10

Submitted:
2017/05/11

2016/08/04

2016/08/03

2016/08/04

2016/08/06

2016/08/03

2016/08/04

2016/08/03

2016/08/03

2016/08/06

2016/08/03

Submitted:
2017/06/13

2017/04/02

Phys. Rev. Lett,

CMS-PAS-HIG-17-004

CMS-PAS-HIG-17-011

CMS-PAS-HIG-17-002

CMS-PAS-HIG-16-025
CMS-PAS-HIG-16-033
CMS-PAS-HIG-16-019

CMS-PAS-HIG-16-027

CMS-PAS-HIG-16-014
CMS-PAS-HIG-16-001

CMS-PAS-HIG-15-004

117,.1118027
(Submitte
2016/07/12)

Eur, Phys. J.C76

PUBLISHED] Search for the Higgs boson produced in association with a $W$ boson and decaying to four $b$-quarks via two spin-  Inspirer?, arXivz (2016) 60507

zero particles in $pp$ collisions at 13 TeV with the ATLAS detector , Figures

Search for long-lived neutral particles decaying into displaced lepton-jets in protona€“proton collisions at $\Vs$ = 13 TeV with the ATLAS-CONF-

ATLAS detector 2016-04217
Search for direct top squark pair production in events with a Higgs or $Z$ boson, and missing transverse momentum in In

$\sart{s}=13 TeV $ppS collisions with the ATLAS detector , Figures 7

(Submitted:
2016/06/27)

2016/08/02

Submitted:
2017/06/13

CMS-PAS-HIG-16-004
CMS-PAS-HIG-15-013

CMS-PAS-HIG-16-012

CMS-PAS-HIG-16-013

CMS-PAS-HIG-16-008

CMS-PAS-HIG-14-041

enjoying.higgs@cern.ch

Run 2 — one year of Higgs results

for boson production in the diphoton decay channel in pp collisions at 7= 13 TeV

Search for a boson pai p Inthe b5rucs finalstatoat 3= 13TeV

Search for the associated production of a Higgs boson with a top quark pair in final states with a t lepton at i = 13 TeV

proper log: in pton final state at = 13 TeV

iggs boson top quarks in multilepton final states at 5= 13 TeV.

Constraints on anomalous Higgs boson couplings in production and decay H — ¢
Search for pair production of Higgs bosons in the two tau leptons and two bottom quarks final state using proton-proton collisions at (i = 13 TeV.

Search [ final state at (5= 13 data

A search for Higgs three and four lepton Vi= 13TV

Search for light bosons in decays of the 125 GeV Higgs boson in proton-proton collisions at = 8 TeV Submited to JHEP

A search for beyond Standard Model light bosons decaying into muon pairs

the b5 decay With 2016 pp collision data at (F= 13 Tev
‘Search for a neutral MSSM Higgs boson decaying into rr with 12.9 fb™! of data at Vi= 13Tev
Search for charged Higgs bosons with the H=— r%;  decay channel in the fully hadronic final state at \§= 13 TeV

Search for a light pseudo-scalar Higgs boson produced in association with bottom quarks in pp collisions at 5= 8 TeV

Search for product bbb final state with 13 TeV CMS data
‘Search for H™—cb _in lepton+jets channel using top quark pair events.
Search for HEb)H(y) decays at F= 13TeV

Search for Higgs boson pair production in the bbru¢y final state at \F= 13 TeV

Search for associated production of Higgs bos tF= 13TeV.

Updated measurements of Higgs boson production in the diphoton decay channel at 5= 13 TeV in pp collisions at CMS.

Search for high mass Hi ww ly ing 2015 data

Search for resonant Higgs boson pair production in the b~ final state using 2016 data

" boson pair pr In the bbr*~ final state using 2016 data
Searchfora y JF= 13Tev
Higgs boson an the four-lepton final state at ;5= 13 TeV.
Search for Hbb a as iggs boson couplings at \F= 13 TeV.

Search for charged Higgs bosons in WZ decays at 13 TeV.

Higgs boson decay: detector JHEP 02 (2017) 135
First results on Higgs to WWat = 13 TeV.
Search for  neutral MSSM Higgs boson decaying into = at 13 TeV
Search for the standard model Higgs boson produced through vector boson fusion and decaying to b with proton-proton collisions at 5= 13 TeV
Search for lepton flavour violating decays of the Higgs boson in the -t final state at 13 TeV.

Search for Higgs boson off-shell production in proton-proton collisions at 7 and 8 TeV and derivation of constraints on its total decay width JHEP 09 (2016) 051

Search for invisible decays of a Higgs boson produced via vector boson fusion at \F= 13 TeV.
‘Summary resuits of high mass BSM Higgs searches using CMS run- data

Search for resonant Higgs boson pair production in the bbzu¢y final state at 5= 13 TeV

production in ot at = 13Tev

pr of Higgs pairs in at13Tev.
First results on Higgs to 77 at 13 TeV
Search for H to Z(ll}+A(bb) with 2015 data

‘Search for scalar resonances in the 200-1200 GeV mass int in - 8Tev

Search for a heavy scalar boson decaying into a pair of Z bosons in the 2¢2u final state
Studies of Higgs boson production in the four-lepton final state at

- 13Tev he CMS experr

Search for tiH production in the Hbb y with |

Model for Higgs boson pair pr tion in the b~ final state
Search for non-resonant Higgs boson pair production in the bbr "~ final state
Search for resonant Higgs boson pair production in the br:~ final state
Search for Invisible Higgs bosons in pp—ZH —2¢ + EfiSS  channels at = 13TeV

‘Search for exotic decays of the Higgs boson to a pair of new light bosons with two muon and two b jets in final states
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&) More luminosity benefits the lowest BR
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H—Z7*—4%¢

m [ CMS-PAS-HIG-16-041 ]
CMS Preliminary 35.9 b7 (13 TeV)
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H—7Z7*— 4% mass

m [ CMS-PAS-HIG-16-041 ]

CMS Preliminary 35.9fb™ (13 TeV)
lllllllll‘IIIIIIIII|IIII|II\I|IIII|IIII|IIII|IIII

= 70 . .

S . b 0 my': Z; mass likelihood based on
~ [ a9—-ZZ, Zy*

5 s ’ CER Higgs signal shape.

L

" 0 D' Per-event estimated mass
30
resolution.

20

III|I|II|IIII|IIII|!III|IIII|

10

III|IIII|I|II|IIII|IIII|TIII|IIII|

0 Dkn .+ Background discriminant.

90 80 90 100 110 120 130 140 150 160 170

m,, (GeV)
No m(Z,) constraint 3D: L(my), Dmass, Dﬁ%) 2D: L(my), Dmass)  1D: L(my)
Expected mp uncertainty change +8.1% +11.2% +21%
Observed my (GeV) 125.28+0.22 125.36+0.24 125.39£0.25
With m(Z,) constraint 3D: L(m}y, D}asss Dﬁ(‘é) 2D: L(m);, D}ass)  1D: L(my;)
Expected my uncertainty change — +3.2% +10.7%
Observed my (GeV) 125.26+0.21 125.30£0.21 125.34+0.23
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H—7Z7*— 4% mass

m [ CMS-PAS-HIG-16-041 ]

% 70 clMsllFrrle{i,In‘inlaIr}I/ T I TTTT | TTTT | TTTT | TTTT | T l?sllglﬂl)-l1 |(1|3| Tel\ll) .

S . ] m e 01 Very precise:

~ [ 99—ZZ, Zy*

2 M 99-2Z, Zy*

® 50 ki 0 NB: 49 MeV (~20%) better than
L

40

expected.

1 ~10% better than ATLAS+CMS
Run 1 combination, by chance.

30

20

III|I|II|IIII|IIII|!III|IIII|

10

III|IIII|I|II|IIII|IIII|TIII|IIII|

90 80 90 100 110 120 130 140 150 160 170

m,, (GeV)
No m(Z,) constraint 3D: L(my), Dmass, Dﬁ%) 2D: L(my, Dmass)  1D: L(my)
Expected mp uncertainty change +8.1% +11.2% +21%
Observed my (GeV) 125.284-0.22 125.36+0.24 125.39£0.25
With m(Z,) constraint 3D: L(mly, Dinasss ’Dﬁ%) 2D: L(m);, D}ass)  1D: L(my;)
Expected my uncertainty change — +3.2% +10.7%
Observed my (GeV) 125.26+0.21 125.30£0.21 125.34+0.23
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H—ZZ*—48 production tags
B

CMS Preliminary
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0 Split events using
production-specific
discriminators.
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0.4 &
- oo H —o4
L —e—0—
L — o %
0.2/ % o+ &% | o>
1 .
R _.:k—.— ® ® :
i == .8 =
| —r.l_l | _I.-[ | _|.TJ_‘ _O
fo 110 120 130 140 150 160 170
m,, (GeV)
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H—ZZ*—48 production tags

0 Categorization provides

some discrimination
between production
processes, but:

o ggH still pervasive.

o Statistics low in most
exclusive categories.

CMS Preliminary

35.9 o™ (13 TeV)

Untagged [RENEEGREENE

Vtig;;gzt 9.44 exp. events

Vgg;ajgt 4.19 exp. events
VH{QSg;%mC 2.03 exp. events 7
Vi-:;:gteodnic 0.36 exp. events

Vt';;,'\gg 0.12 exp. events

. I —

ttH tagged [RUSSIUNSAOMCNT: i

0 01 02 03 04 05 06 07 08 09 1
signal fraction

CMS Preliminary

35.9fb™ (13 TeV)

® 4o —e— untagged —— VH-hadr. tagged
. —&— VH-lept. tagged
* 4u —— VBF-1j tagged & VH-MET tagged
; o 2e2u  —v— VBF-2jtagged _,  {iH tagged 1.2
= - u
% 0 |
0 —4— - 1
—o—
0.8* o
__.__._
1 —0.8
_.t::]:_ !
0.6 ke
. 9oH e
B VBF —e —0.6
B WH, W—X
B WH, Wiy - ]
ZH, Z—X 04 B
B ZH, 221 P - —o.4
tIH, tE—>Ol+X —e9—0 -
B tiH, T 174X o %
B tTH, tT—>2/+X —o— -
0.2 * & T _lgo
+_
- % 3 —— ‘._.___"__ n
- —A——.— = -
‘ - _.T I—r‘l_l | _I.-[ I_|.TJ_‘ _O
f0 110 120 130 140 150 160 170
m,, (GeV)

enjoying.higgs@cern.ch

GRC Particle Physics 2017

Events / bin



H—ZZ*—48 production tags
B

1 Most exclusive
categories have low
statistics.

1 Useful in combinations.

o Set limits on specific
processes.

CMS Preliminary 35.9 o™ (13 TeV)

H
Untagged [RENEEGREENE [ %%F
-1 B WH, W—X
VBF-Tjet 9.44 exp. events B WH, Wiy
o ZH, Z—-X
VBF-2jet 4.19 exp. events [ ] Z_H, Z_—>21
1208 ttH, t—07+X
VH-hadronic | Em tIH’ '[E—>1l+X
tagged 2.03 exp. events 7 iH, fo2leX
VH-leptonic
tagged 0.36 exp. events
VH-MET
tagged 0.12 exp. events

ttH tagged [EUSSIRSIMEIE -

0 01 02 03 04 05 06

07 08 09 1
signal fraction

_ +0.23
untagged pn=1.1 7_0.21
VBF-1jet _ +0.40
tagged H= 0'97—0.32
VBF-2jet : +0.51
tagged H= 0'63—0.34
VH-hadronic  _ 6078
tagged H= ~0.48
VH-leptonic +2.09
tagged = 0'00—0.00
VH-MET _ +10.94
tagged n=0 00—0.00
: _ +0.87
ttH tagged u = 0.00_0.00

enjoying.higgs@cern.ch

CMS Preliminary 35.9fb™ (13 TeV)
T T I T T T | T T T | T T T | T T T | T
- H—ZZ* - 4]
m,, = 125.09 GeV
-
| l'Lcomb. - 105i813
-._.
——
—
—
1 | | 1 1 1 | 1 1 1 | | | 1 | 1 1 | | |
0 2 4 6 8 10

w
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CE/RW
\

N/,

H—ZZ*— 48 template cross-sections

n [ CMS-PAS-HIG-16-041 ]

category reduces "

associated
production
processes.

CMS Preliminary 35.9 o™ (13 TeV)
Untagged [EENSE M
VBF-1jet
tagged 9.44 exp. events
VBF-2jet
tagged 4.19 exp. events
VH-hadronic
tagged 2.03 exp. events
VHi-leptonic JRgE exp. events
tagged
VH-MET
tagged 0.12 exp. events

0 01 02 03 04 05 06 07 08 09 1
signal fraction

01 Excess in untagged i

CMS Preliminary 35.9 1" (13 TeV)

H— ZZ* — 4]
Stage 0 sub-process
my = 125.09 GeV

I SM Prediction

+0.20
theo — 1.20 -0.20

6.../c. = 005" le

VBF theo —-0.05

G /6. = 0.00% ¢

VHhad theo -0.00

I goH
I VBF
B WH, WX
B WH, W—ilv

+2.77 ‘
ZH,Z>X  Ovhiep’ Otheo = 0-007G50 @
B ZH, Z-2]
[ tTH, tt—07+X
B ttH, T 14X

B tiH, tt—2/+X

_ +1.19
i/ Oipeo = 000700, @

|||||||| ||||||||I||||I||||
o o T

Parameter value norm. to SM value
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= H—77*— 4% fiducial integral

CERN
\\_/
N
“finally an excess” 5.1 b (7 TeV), 19.7 fo” (8 TeV), 35.9 fo! (13 TeV)
E‘ _|||||||||||||||||||||||||||||||||||||||||||||||||
= 6 CMS Preliminary
ge;
b"‘ + Data (stat. ® sys. unc.)

Systematic uncertainty

%s\\\% Standard model (m_ = 125 GeV, N°LO gg— H)

w
|IIII|IIII|IIII|IIII|IIII|IIII|
%
|IIII|IIII|IIII|IIII|IIII|IIII|I

—\:
¥
“«?&35
, \ii\éégg
\ Requirements for the H — 4/ fiducial phase space 1 ;i\i\-ﬁ:
Lepton kinematics and isolation
Leading lepton pt pr > 20GeV
Next-to-leading lepton pr pr > 10 GeV
Additional electrons (muons) pr pr > 7(5) GeV p p > H > 4I + X
Pseudorapidity of electrons (muons) 7| <2.5(2.4)
Sum of scalar pr of all stable particles within AR < 0.3 from lepton <035-pr O
Event topology oo bvcn v b brvs brren v e b
Existence of at least two same-flavor OS lepton pairs, where leptons satisfy criteria above
Inv. mass of the Z; candidate 40GeV < mz, <120GeV 6 7 8 9 1 O 1 1 1 2 1 3 1 4
Inv. mass of the Z, candidate 12GeV < mz, < 120GeV
Distance between selected four leptons AR(¢;,£;) > 0.02 for any i # j V S Te V
Inv. mass of any opposite sign lepton pair Mysp— > 4GeV
Inv. mass of the selected four leptons 105GeV < myy < 140 GeV
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H—ZZ*—4% fiducial differential

“ [ CMS-PAS-HIG-16-041 ]

CMS Prel/m/nary 35.9 b (13 TeV) CMS Preliminary 35.9 b (13 TeV)
= FT T T T T T T T T T T T T T T T T T T T4 r 1 C
S i | | | 1o i | | | ]
()] 1 + Data (stat.®sys. unc.) _ "'_, ' 1 02 L f Data (stat.@sys. unc.) _
(D ; Systematic uncertainty é g E Systematic uncertainty E
~~ o . B - . -
Q - 7777 99-H (POWHEG+JHUGen) + XH - 10 - %% gg—H (POWHEG+JHUGen) + XH :
: 10_15— [ ] XH=VBF+VH+tH g E 105_ [ ] XH=VBF+VH+tH E
SO C ]
E i f% ] A7 p,>30 GeV, In|<2.5 4
— W b ” /////////,7/////////4 |
Q 107%¢ T = A
© F i 4 i -8 3 g , ]
~ r . ] - G .
o] - 77 1
o 10 3 ] 3 = E
© £ 3 B ]
i ] 1072 l | | E
9 (30 Q ! | |
T 1 g i T P2 < 3 R R
C;) :I| g L C;) 000000000000 SRS S
o : 1 o 1 '5 e P SR
o 8% = o 1 7, Gttt %t 77
o) 2kt ° 77 %Y %7
= 83 i = 0.5 |rrrrrmeerrmrssseennnssccnnn o L
a 0 o 0 | | |
0 50 100 150 200 0 1 2 >3
p.(H) [GeV] N(jets)

1 No particular deviation, cf. some Run 1 fluctuations.
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H—Z7*— A48

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
B . e Data |
50 - ATLAS Preliminary — gigna (m =125 Gev) |
= * I Background ZZ* .
| H— 27 %14| [ ] Background tt+V, VVV 7
" 13 TeV, 36.1 fb° I Background Z+jets, tt

7 Uncertainty

40

Events / 2.5 GeV

30

20

10

O — L ____._ | ..
80 90 100110120 130 140 150 160 170
m, [GeV]
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= H—Z7*— 4% fiducial integral

n [ ATLAS-CONF-2017-032 ]

.. —e— Data
ATLAS Pre“mmary [ ] Syst. uncertainties
3
A HRes 2.3, N°LO+N°LL + XH
13 TeV, 36.1 fb” ¢ MGS FxFx + XH
4+  Powheg NNLOPS + XH
o f Q' o
=.1.8F =45 ﬁ 90
b ©
16F a4 © 80
1.4 35 70
1.2 3 s = 60
L n
s 2.5 50 A
0.8F 2 + 40 .
L |
0.6F 15 + 30
T |
0.4 1 20
0.2F 0.5 10
[ ) -
1 Cross-sections per -

283 g & E 2 T
[} + o 3
decay mode § 8 428
L) cﬁv;
A
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H—ZZ*—4% fiducial differential

n [ ATLAS-CONF-2017-032 ]

do/dp_, [fb/GeV]

Data/Theory

[

C T 1 1 1 1 | T o ro)
0.14— ATLAS Preliminary —e— Data — =,
- H—>ZZ* >4l [ ] Syst. uncertainties ] o
0.12/— 13 TeV, 36.1 fb HRes & = 1.1, +XH -
- NNLOPS k = 1.1, +XH 7]
0.1 . [ MG5 FxFx k = 1.47, +XH i
e RMIMN XH = VBF+WH+ZH+ttH+bbH
N p-value NNLOPS = 25% |
0.08— ]
- p-value MG5 FxFx = 42%
0.06 :_ | I p-value HRes = 21% _:
C -4 ]
0.02— I* —
0 L. T fitiuLl dsrrubGt stttk he Rttd';““"“‘i ]
251 - 2
2.t . I — )
15 I %
AT T 15
©
0.5 I — =)
0 10 15 20 30 45 60 80 120 200 350
\Y
p T,41 [GeV]

3

2.5

1.5

0.5

25

1.5

0.5

O T
I ATLAS Preliminary
T H— 277" > 4
13 TeV, 36.1 fb

T
—e— Data

[ ] Syst. uncertainties

NNLOPS k = 1.1, +XH
IS MGS5 FxFxk = 1.47, +XH
N XH = VBF+WH-+ZH-+tH-+bboH

p-value NNLOPS = 33% |
p-value MG5 FxFx = 55% —

RRRRRRRREN

7
%

No particular deviation, cf. some Run 1 fluctuations.
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H—yYy fiducial

events/0.0005

[ CMS-PAS-HIG-17-015 ]

CMS Simulation Supplementary

- max(fnl) <1.442, min(R )<0.94
5000

- max([nj) >1.442, min(R )<0.94
4000 E max(fn) >1.442, min(R )>0.94

- 1.0< max(f|) <1.442, min(R )>0.94

3000 max(n|)<1.0,min( )>O.94

D

2000

1000

C>O

0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

c_/m
m |decorr

CMS Pre/lm/nary 35.9 b (13 TeV)
> 20000 - | T I L l L | T 1T T T | L [ T 1T :
8 18000 H_)YY All categories .
E 16000 C S/(S+B) weighted E
§ 14000 ¢+ Data 3
L o , =
o 12000F — S+B fit 3
g 10000 [~ B 3
% 8000 Component E
< 6000 =
o = E
D 4000} -
L 2000F -
m 0 : 1 I L1 11 I L1 1 1 L1 1 1 | L1 1 1 I 11 1 .

600 " B component subtracted
400 — —
200 —
0
—200 % ]
100 110 120 130 140 150 _ 160 _ 170 _ 180
m,, (GeV)

0 3 event categories based on relative mass

resolution.
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CE/RW
\

H—YYy fiducial integral

n [ CMS-PAS-HIG-17-015 ]
5 5CMS Preliminary 35.9fb" (13 TeV)
a2 NN NN TR B A B S B
c [ \§ H—y, profiling m_
§ 2:— afid= 84J: be B 1 7f -1 T V f -1 1 T V
i HXSWG YR4 3 S 100_| L B ||||| |'-[-..I.,.I...I..9|.I |b| |(|8| |e| ?T|3|5|9| |b| (I |3| |e| 3
@%ﬂfz%@gy (Iice)v ; i = - CMS Supplementary .. N
15 S £ 9F -
o) - .
C Hoyy 7
11—\ Q& 80~ ¢ Data (est-fitm,) ~
i \\\\s - = syst. uncertainty ]
- & 70 E=l SM (m,=125.09 GeV) _‘
0.5 \\ — - - norm. LHC Higgs XSWG YR4 .
r §\ - - acc. AMC@NLO .
ol &\& e L Lol 602_ _Z
70 75 80 85 90 95 100 C .
G4 (f0) 50— ]
S 40 =
0 Fiducial volume - -
1(2 30 =
o py'@/m, > 1/3 (1/4) : :
n | nY]'2 | < 2.5 20_1_ L1 11 l L1 11 | L1 11 | L1 11 I L1 11 | | .| | L1 11 I I_l_

o E, < 10 GeV within AR < 0.3

|
7 8 9 10 11 12 13 14
\s (TeV)
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5 H—yY fiducial differential

.. R
CMS Preliminary 35 9 o' (13TeV) CMS Prel/m/nary 35.9 fb' (13TeV)
9 1 02 E T T T | L l T T 1T I L I |||||||| | L I L I T % 3 | | I ]
(05') E H % Y Y LHC HXSWG YR4, mH 125.09 GeV E “:—/ 1 03 — H % Y Y LHC HXSWG YR4, m =125.09 GeV —
i ata NN a ] Z ; ata N\ al + §
é 10E + Dat \ ggH aMC@NLO + HX 4 3 - + Dat \\ ggH aMC@NLO + HX ;
;Zl— E . ggH POWHEG + HX i_%'— E b}:’ 1 02 :_ | ooH POWHEG + HX _:
. 1 %“Fﬁ’f &\\\\\\ HX aMC@NLO ’"%2 —§| © E o, &\\\ HX aMC@NLO §
\_"—2 = - LT C ]
b _ I~ 8 . - @ 1 — -
S107'E \ S 10 W =
E o o S a2 g o 3
C s = ” 3
e i — ’ - : > :
107°F E _ 1
E ® E 1 E_ [ ] X _E
-3 _ F I \\\\\\\\\\\\\\\\\\\\\\\\\\\\\ﬁ
1 0 = B R A I R | EFETET T AT AT AT AT A A AN A AT AT | I = | | |

S z

S 9

& &

o 0 50 100 150 200 250 300 350 400 o«

Py’ (GeV)

0 Unfolding performed by including response matrices in
likelihood.

0
0 Nearly no smearing across p; bins, 10% in N
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“ [ CMS-PAS-HIG-17-015 ]

CMS Preliminary 35.9 fo' (13TeV) CMS Preliminary 35.9 fb ™' (13TeV)
;102E"'I""I""I""I""I""I""I""I" @ N
8 o H— Yy LHC HXSWG YR4, m =125.09 GeV ~— i HC H |
‘é 10:E + Data ggHaMC@NLO+HX
;I— ; ggHPOWHEG+HX
Q- al
E 1§ HX aMC@NLO E
2 C ]
& 107'g ¢
L — e .
102¢ ?
- .
10_3EA.I|....1“..|....|....|....|.1.
T o5, -
9 2F
21554 $ ! -
% 157 \\// /—-\\\\-/////
2 05 ' - ; ? ] -
& 00 50 100 1 éO 200 250 300 ) 1 2 3 4
prrv (GeV) NJ (nl<2.5)
O
O
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CERN

m H—YY fiducial ditferential

o
CMS Preliminary 35.9 fo' (13TeV) CMS Preliminary 35.9 fb ™' (13TeV)

\

o=
LHC HXSWG YR4, m =125.09 GeV o LHC HXSWG YR4, m =125.09 (

ggH aMC@NLO + HX Dat \aH aMC@NLO + HX 4
ggH POWHEG + HX ggH POWHEG + HX

HX aMC@NLO X aMC@NLO

¢ —
®
1 [ ]
®
® ®
. v E
. (]
1 2 3 >4
N, (| <2.5)
L
O
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= Even more boosted — inclusive H—bb

50 |
0 “Mission:
Impossible™

O Jet substructure
identification.

O Decorrelation of jet
mass and
substructure
variables.

O Double-b tagging in | &
merged jets.

O Challenging
theoretical |
accuracy for high-p;
gluon-fusion

TN

O First applied to low
mass Z’ searches.
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= Even more boosted — inclusive H—bb

“ [ arXiv:1609.07483 ]

0 ““Mission:

Impossible” 12 ' '
i 2
O Jet substructure . Groomed Ng ‘ ‘
identification. 10+ Pythia 8.219, Soft Drop: =0, z.,=0.1 .
O Decorrelation of jet R=1.0, pr>500 GeV, mgp, € [80, 100] GeV
mass and !
8 Z
sub§frucfure o " === Light Quark
variables. =L --=-=Gluon

O Double-b tagging in
merged jets.

O Challenging
theoretical
accuracy for high-p;
gluon-fusion

Probability Density

O First applied to low
mass Z’ searches.

00 o1 o0z 03 04
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Even more boosted — inclusive H—bb

_ 52 |
0 “Mission: 13 TeV, 2016
Impossible” £ o018l
S~ °F CMS —— QCD, single b -

O Jet substructure E‘o 6 Simulation ——— QCD, gluon splitting to bb

identification. ST e QCD, light flavor

. . o L AKS jet H(bb)

O Decorrelation of jet & 0-14[—p_>300 GeV, 50 <m <200 GeV

mass and -

substructure 0.12~

variables. -

. 0.1

o Double-b tagging in -

merged jets. 0.08}=
O Challenging H

theoretical 0061

accuracy for high-p; 004_35_

gluon-fusion TR

O First applied to low 0.02
9 Se

massz SeCII‘CheS. :I.E-,—rL -+ — |ﬁ|ITFIII7II11TTT+rrf|IFL:

-1 -0.8 06—04—02 0O 0.2 04 06 08 1
double-b discriminator
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Even more boosted — inclusive H—bb
s Jrowseasmo-zoor)

0 “Mission:
Impossible”

O Jet substructure
identification.

O Decorrelation of jet
mass and
substructure
variables.

O Double-b tagging in
merged jets.

O Challenging
theoretical
accuracy for high-p;
gluon-fusion.

0 First applied to low
mass Z’ searches.

Number of events/5 GeV

Data/Prediction

7000

6000

5000

4000

3000

2000

1000

CMS Preliminary
— - o o ——
o p,: 600-700 GeV RS

35.9 b (13 TeV)
Da{a | |
Multijet pred.

Total SM pred.

W- qq+jets

Z— qq+jets

Z'(qq9), gq=1/6, mz,=135 Ge

I|IIlI|llII|IIIl<|IIlI|IlII|
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Even more boosted — inclusive H—bb
T e

%10° 35.9fb' (13 TeV)
> L S R L B I |
(¢)] | s —
) 500 grgfnmar 450 <p_<1000 GeV %V i
N~ 2 Y Goublebtag<09  --ti -
A i -""}'Ac;jtglljgack round |
£ 400 mHED) 7
o) B ¢ Data _
> B ]
L B ]

300 —

200 . -

u Anti ]

100~ double-b tagged -

0 L | LT LTI, M T S etd N

S| 60F | | I =

8| 40 ~ W dominates -

g,bg 201~ _,_. +- N

(l_, Ote *—‘T"J """ .": ...... IL"-:““. . o000 oo
g 40 60 80 100 120 140 160 180 200

Mgy (GeV)
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N/,

Even more boosted
T N

inclusive H—bb

10° 359fb (13 Tev) 35.9 b (13 TeV)
> LA L L L B B B T > goooEl T T T T T i
& 500~ g”’s 450<p_<1000Gev Y =4 & = g”’s 450 <p, <1000 Gev "% ]
N~ -, Preliminary o pebtag<os -t 1~ 70005 Prefiminary o piebtagso09  --ti -
- C --- Multijet 7] - - ---Multijet .
_g 400 - % L?tt)aé)Background — % 6000 :_ ﬁ chéagl)Background _:
o O ¢ Data 1 - + Data .
i N 1 @ 5000 =
300— — - -
- 1 4000 E
200 . - 3000 - =
- Anti - -~ Double-b -
N ] 2000:— —
100~ double-b tagged - tagged E
- - 1000 =
ok Jow o] 0 s A_-L“f""‘rw
1:’: 60 ] 'ﬁ 10_ —
8| 4o- | ' 1 &, s
Sl 20 ke 1 2k
l Ore = e . oo oo oo I
© - s s ! n " © _ s s s s s s s s
g 40 60 80 100 120 140 160 1 80 200 g 540 60 80 100 120 140 160 180 200
Mgy (GeV) Mgy (GeV)
0 Z: 5.10 (5.8 0 expected)
0 H: 1.50 (0.7 0 expected)
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Even more boosted — inclusive H—bb

“ [ CMS-PAS-HIG-17-010 ]

Explorin 35.9 fo! (13 TeV)
p © g Combined |CMS
= 235 ' '

(800, 1000] GeV
m =725

regime° [67§ 80(_)]. GeV_
pT(H) > 450 Gev [60: _675]GeV_

P« _4 6 34
[550, 600] GeV
n,=-177%3
[500, 550] GeV
b, =03
[450, 500] GeV

M =857,

| Preliminary

brand new

10 5 0 5 10 15

enjoying.higgs@cern.ch  GRC Particle Physics 2017



The paths to the top-Higgs coupling
-~

Loop-
induced

* ggH: 44 pb

Vs = 13 TeV
m, = 125 GeV

Direct Interference
* #tH: 0.5 pb * tH: 0.08 pb
9 TR0 t
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L

Paths to ttH: &

i
“ [ Middle Path ]

H—(WW,TT)
multileptons

H—bb H—(48,yY)

/
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L

= Paths to ttH: 8
N N

H—(WW,TT)
multileptons

H—bb H—(48,yY)

Large yield Low yield

- v
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L

— Paths to ttH: 8
N N

H—(WW,T1)
multileptons

H—bb

Theory systematics Simple background

R R —
Large yield Low yield
| R —
Low signal/background Clear peak

o
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Paths to ttH:

“ [ Middle Path ]

H—sbB H—>(.WW,'E'E)
multileptons

Theory systematics I Simple background
R R —
Large yield I Low yield
| W
Low signal/background I Clear peak

Reducible

background Clean bump
from non- hunt

prompt leptons

tt+HF
background

predictions

-
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g Looking for ttH — bb
m [ CMS-PAS-HIG-16-038 |

0 Large multiplicity of b-
tagged jets.

0 Complex assignment of jets.

CMS ¢

Simulation Lepton+Jets Channel

> 6 jet, > 4 b-tags

tt+cc

> 6 jets, 3 b-tags 4 jets, 4 b-tags 5 jets, >4 b-tags

tt+cc
tt+b

t+2b

tt+bb tt+b tt+2b tt+bb
S/B=0.035, S/¥B=0.973 $/B=0.011, S/¥B=0.895 S/B=0.015, S/VB=0.242 S/B=0.024, S/VB=0.532
CMS Simulation Dilepton Channel
>4 jets, >4 b-tags >4 jets, 3 b-tags 3 jets, 3 b-tags
it 0 tt+If
B ttcc
B it
" B it-2b
EWK
oo B it+ob
tt+2b [ EwK
tt+b -

S/B=0.040, S/¥B=0.417

S/B=0.012, S/¥B=0.453 S/B=0.004, S/VB=0.084
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Looking for t#tH — bb

m [ CMS-PAS-HIG-16-038 ]

12.9f0” (13 TeV)

a e U L B B
< E P data —on 28

H H CcMS Simulation & 2200 CMS Preliminary &l miecs

0 Complex assignment or |efts: S aop: P s mE
® F 26 jets, >4 b-tags M tt+bb [ Single Top

> 6 jet, > 4 b-tags 180 pre-fit expectation e

tt+cc

o BDT good with missing objects.

tt+2b

i\‘%‘\lllllllllllllllll\‘
\

0 MEM good with all objects present.

tt+bb
S/B=0.035, S/¥B=0.973

BDT output

11 4-12910" (13 TeV)

@ » T T
c - ] 2 2of
& 140f- CMS Preliminary #data  —15xtH 1 S CMS Prel/mlnary 0 data —15xttH
Lﬁ § Witt+LF Wtt+cc Lﬁ 20F Wit Witicc 3
depton [ [T [ R £ dllepton In b Mtz ]
120[- >4 jets, >4 b-tags + * 1 18F- >4 jets, >4 b-tags + 4
BDT<0.23 Witsbd Wsinglet E BDT-023 Mtioo  Wsinglet
pre-fit expectation Oty Wv+jets ] 16 pre-fit expectation [Cttsv Ev+jets =
100 Wdiboson E 14F M diboson 3
12F E
10f E
A', 7 1
////AM ;
% % E
5 1 5 ””” ,,,,.,,,,,, , ,/ & ”
g / 7 g
g % g
< ©
a o 5 ....... [a

enjoying.higgs@cern.ch
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Looking for t#tH — bb

m [ CMS-PAS-HIG-16-038 ]

12.9f0” (13 TeV)

u, e
c = ) data —on 28

H H CMS Simulation & 2200 CMS Preliminary &l miecs

0 Complex assignment or |efts: S o0l oponits, I
® F 26 jets, >4 b-tags M tt+bb [ Single Top

> 6 jet, >4 b-tags 180 pre-fit expectation e

160

tt+cc

o BDT good with missing objects.

tt+2b

i\\‘%‘\llllllllllllllll
N

0 MEM good with all objects present.

11.4-12.9 0" (13 TeV)

tt+bb
S/B=0.035, S/¥B=0.973

CMS Preliminary

w  tot. stat. syst.
BDT output

Dilepton = 1.39 -0.96 -1.06

11.4-12.91" (13 TeV) 11.4-12.91b" (13 TeV)
» T LRRARS RARAN AR LARARS RRARE LA LARLS RARLS L AL AL LALLM AL A AN
S 140 CMS Pre/lm/nary ¢data  —15xttH - S ' CMS Preliminary #data  —15xtH
& ilepton WtLF  [ttecc o 20:— dilepton Wt+lF  [Wlttecc 3
120 24 jets, >4 b-tags Wt .“_"‘Zb . 18F 24 jets, >4 b-tags Wb ."_J'Zb =
: 102 +051 +0.88 BDT<0.23 E“*:’l" =\S/'"9'e" ] 1of BDT>028 E*‘*i’/b =f/'”9'e" E
. ' +1. +0. . re-fit expectation tt+ +jets F pre-fit expectation tt+ +jets
Lepton+jets e+ . -0.43 T s *_0 87 100 P P eon 3 b R son 3
: : 12f 3
10F e
8 E
2 4 E
; Ui E
- E +0.80 +0.45 +0.66 Yl E
Combined Ha- 0 -0.19 Toe 0an oes 2 ... 2
% 158 7 ,,,,,,,,,,,,,,, , 7 g ,,,
1 | 1 1 1 | 1 | 1 | 1 1 1 | 1 [ | 1 % 1 0 % %
-2 0 2 4 6 5 °5 8 oSz _

0.0 01 02 03 04 05 06 0.7 08 0.9 1.0 00 01 02 03 0.4 05 06 0.7 08 0.9 1.0
Best fit u= G/G at m =125 GeV MEM discriminant MEM discriminant
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Looking for ttH — multileptons
n [ CMS-PAS-HIG-17-004 ]

0 Categorisation on:
00 Number of leptons: 2SS, 3, 4.
O Lepton charge

o Lepton flavor
0 B-tagging
0 Main backgrounds:
o tt++W (and tt+Z)
o tt+qq
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Looking for ttH — multileptons
T N

01 Categorisation on:

o Number of leptons (2SS, 3, 4).
0 Lepton charge (ttW asymmetry).

CE/RW
\

0 Lepton flavor (misid. lepton bkg.)
O B-tagging (loose, tight).

CMS Preliminary 35 9 fb (13 TeV) CMS Preliminary 35.9fb (13 TeV) CMS Preliminary 35.9fb (13 TeV)
) T T T T ] 7)) T T T T %) L L L L L L L LB LB B BB
c 1801 [, post- f|t (SM predlctlon) 1 € 31, post-fit (SM prediction) 1 € 5 N 4, post-fit (SM prediction) |
Q r +Data @WZ [Non-prompt 1 Q i +Data @tz [Conv. Q -+ Data [Rares
W 1e0[- WttH - DRares DChafge mism. 3 W {00 EtH EWZ SNon-prompt —| LI - mtH - ETotal une
r @tW  @WW* ggTotal unc. ] 5 WttW [JRaresf@Totalunc. - r ot h
- otz [Conv. ] - i 4_ .
140 — - 4 r ]
120~ ]
100~ -
80 =
60F
40Gtad
20—
n \\\
8 1.8 :-stat. unc -total unc 8 8 [l stat. unc.  [Jtotal unc.
s JiE N s
8 qof 1 & 8
T {0k 4 U <
Q s Q ] Q
T T TR TR T TITRRTITRTITRTIT 005 oose  boose  bitight  betight 002040 60 80 100 120 140 160 180 200
~ * bk bl+ bt- bt+ bk bl+ bt- bt+ q<0 $9>0 3gq<0 ¥q>0 min M, (GeV)
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g Looking for ttH — multileptons

1 Two MVA:s training ttH against t++qq and #+V.
0 2D joint MVA distribution reduced by merging bins of

MS Prelimi 9fb! MS Prelimi 9fb!
2D Spqce. _Cls rle/m/nglary | | 35|9fb I(13T|eV) _C IS re/m/rllary 35|9fb (13;FeV

~—

%) =) | 5
c - FF*, post-fit (SM prediction) 4 < - 31, post-fit (SM prediction) 1
o 120~ +Data @WZ [©Non-prompt | € 70 +Data [ttZ [JConv. —
| B WitH [|Ralre§ [MCharge mis-m. | W C WttH EWZ Non-prompt ]
- WitW @MW W* ggTotal unc. . E WttW [JRaresgTotal unc. ]
100— Otz  JConv. — 60— —
- B 50— 1
80 I —_ r -
20 \ t ] —
. n | | i RO ERR o R \!\; . B
5 1 g - @ stat. unc.  [Jtotal unc. 173 |5 F @ stat.unc.  [Jtotal unc. E
— [ — — O -
s M -3 10
=  1.2c + -1 =
8 1.0 8 05 =
0.8
o6l+——— 0.0

BDT (ttH, tt/ttV) bin BDT (ttH, t/ttV) bin
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= Looking for ttH — multileptons
n

Category Observed u fit +1c Expected p fit £lo
Same-sign di-lepton 1.7 (—0.5) (+0.6) .0(—0.5) (+0.5)
Three lepton 1.0 (—0.7) (40.8) 0(— 7) (40.8)
Four lepton 09(—1.6) (+2.3) 0(—1.6) (+2.4)
Combined (2016 data) 1.5(—0.5) (4+0.5) .0(—0.4) (40.5)
Combined (2015 data) [42] 0.6 (—1.1) (+1.4) 0(—-1.1) (+1.3)
Combined (2015+2016 data) 1.5(—0.5) (+0.5) .0(—0.4) (40.5)

0 Clear excess over background-only hypothesis:

o Significance: 3.30 obs. (2.50 exp.)
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Looking for ttH — tau leptons

[ CMS-PAS-HIG-17- 003]

CMS Preliminary 35.9 fb™ (13 TeV)

a 9 e Observed [ Electroweak
GCJ E EtH Ho 1w D Rares
> 8 [JtiH, H—>ww/zz N Fakes
L 75 itz 7) Flips
F N ttwW Uncertainty
6 2Iss+Tr,
5:_ no- mlssmg -jet
E
3c
2 -

Data - Expectation
Expectation
o

CMS Preliminary

35.9 fb™' (13 TeV)

11427,

—— Best fit

+1.50
= 120147

2Iss+1r,

+0.79
H= 0. 86066

3l+1t,

+1.33
=1 22101

Combined

------- SM Expectatlon u=0.72962

-0.53

Best fit u = G/GSM

0 Very similar analysis, with different background
from misidentified hadronic tau lepton decays.
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Looking for ttH
-

I I I I I 1 I I 1 1 I I I 1 I | I I I I I I I
ATLAS Preliminary 1s=13 TeV, 13.2-13.3 fb"
—total — stat. (tot.) ( stat., syst.)
ttH(H—yy) | | o _ +1.2 +1.2  +0.2
(13 TeV 13.3f0™) 0.3 -1.0 ( -1.0° -0.2 )
ttH(H—>WW/t/22) | e o5 13 (107 sty
: V11 -0.7 » 0.9
(13 TeV13.21fb™) :
ttH(H-bb) |ree 24 59 (2, %7 )
(13 TeV 13.21fb™") :
- 407 , +04 406
{tH combination N e 1.8 57 (Zo4» 05 )
ttH combination 1.7 08 (%02, s )
( 7-8Tev’ 4'5-20'3 fb-1 ) 1 1 1 1 1 1 | 1 1 1 | 1 1 1 .| 1 1 1 | 1 |

0 2 4 6 8 10

0 top-Higgs coupling under tight scrutiny. best fit “-H for m, =125 GeV
ff

O Intriguing excess in Run 1.

o Signal becoming clearer in Run 2.
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= Looking for ttH

N/,

=

ttH production

LHC Run1 —— 237/
JHEP 08 (2016) 045 -
CMS Run2
Preliminary

Ty

2 2 +0.9
0 —— .
HIG-16-040, 36 fb™' | _

-0.8
< OIGEIEIEEIRIEIEIKEIEIKRE +1 2
Db | ——— —0.2 0.8
HIG-16-038, 13fb™'|
multileptons N 1.5+05
HIG-17-004, 36 fb™' | _
T,+X

O 7+0.6
HIG-17-003,36 0™ [, , | , , . , . . . . | L

| | l0.5
4 0 1 2
O

3 4 3
O Intriguing excess in Run 1.

o Signal becoming clearer in Run 2.
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CE/RW
\

Looking for tH — bb

CMS simuiation Preliminary 13 TeV CMS Simulation Preliminary \s=13TeV
~ T T T T T T T T T T T T —

3.0

> | |
=
50.0 g tHq jet assignment
2.0 e —— —— e 8 :I Correct
‘é‘o 0 [ ] Wrong
400 i ki =+1.0, Kk, = +1.0
1.0
Q
o
S
o

30.0
0.0 -

Rt

0.05

20.0

WSo Jo suun ul UoIO8S SS0I0 bH]

-2.0

-3.0

05 0.75 1.0 1.25 15 -1.0 -0.5 0.0 0.5
tHq reconstruction BDT response

0 Large enhancement expected for opposite-sign
couplings to W and top.

1 MVA trained for correct forward jet assignment.
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@ Looking for tH — bb

@)
S7
[ CMS-PAS-HIG-16-019 ]

1000 CMS Preliminary 2.3 (13 TeV) CMS Preliminary 2.3 (13 TeV)
c T ' T c T ' T
% Muon + glectron channel a ﬁt:B) % -~ Muon + glectron channel 7 a 5_?;5)
2 3 tag region C it T - 4 tag region 1 C st
o -k =1.0, ky=+1.0 4 0 ti4ct o T k=10, Ky =+1.0 1 D et
L (] tt+b L [ tt+b
B .05 B .06
500 _| B fiv2b B 420
Cw Cw
B i B 4
B misc B visc
Stat.+syst. Stat.+syst.
— 1000x tHq — 500x tHq
— 1000x tHW — 500x tHW
Bl . 05 Bl . 05
alg Ef stat+syst. a3 EE stat+syst.
gr 0 gx O
© ©
al 05 . oy i al 05 ; I ol
- -0.5 0 0.5 1 —1 -0.5 0 0.5 1
BDT output BDT output

0 Categories in number of b-tags.

0 Final observable trained against tt+X production.

enjoying.higgs@cern.ch  GRC Particle Physics 2017



CE/RW
\

m Looking for tH — bb

[ CMS-PAS-HIG-16-019 ]

CMS Freliminary 2.3fb" (13 TeV)

--— d. expected limit
2 — tH me
éﬁ ﬁlp b t s bl —e— observed limit 110
s — 1 ’ 0 — DV expected + 1 std. dev. ]
'bg | v=AL expected + 2 std. dev. |
o 00T tH cross section
(@) L =
= Q
Q Qo
S 100 | O
a : 3
6/0g, < 114 (99) obs. (exp.) & @
wn
@ 5
o T
d 10} =
]
o/o(k, = -k, =1)<6.0(6.4) O
BQ
3
1 L 1 1 1 1 1 1 0.01
-3 -2 —1 0 1 2 3
Analysis performed separately Rt

for 3x17 (KVI K'r) hypo'rheses enjoying.higgs@cern.ch  GRC Particle Physics 2017



C E/l\W
\

N,

HH searches

Resonant
production

* spin-0 radion
* spin-2 graviton

R -

BSM
couplings

. g - h
* Effective Z}><:
Lagrangian ¢ “Nh
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g Speaking of Ay,

INTERNATIONAL JOURNAL OF HIGH-ENERGY PHYSICS

VoLumME 57 NUMBER 4 May 2017

Collidersface .
the future 7) MAS AT

/lOO \\-e,\/
One respect in which a 100 TeV proton—proton collider would come
to the fore is in reveallng how the nggs behaves in private. The Higgs
is the only part nt at ints s with itself. As the Higgs

INTERVIEW

4| Crab cavities for
HL-LHC pass
high-voltage tests Euclid to identify source of
p7 cosmic acceleration p23
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= Looking for SM HH

\
7%

Tradeoff between
1. Resolution

2. Yield
1
bb
BR HH—xxyy ™1,
WW (mu =125 GeV)
1072
ag
107
TT
10
Y4
- 10-5
YY [0.26%/ 0.1%
e NN

\
rarer

bb WW 99 T 2z

>
>

rarer
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=1 Looking for HH — bbTt

N7
[ CMS-PAS-HIG-17-002 ]
35.9 1" (13 TeV) 35.9 b (13 TeV)
—_— — 102
> 0.45 - CMS res. bb 1,7, ¢ Data > 10 EECMS res. bb 1,1, ¢ Data
o C preliminary channel o t @ - preliminary channel mm

Q s QCD Q 10 QCD
- 0.4 2 [ Drell-Yan st E [ Drell-Yan
= - [ Other bkg. o B [ Other bkg.
'z 10.351- [ SM Higgs E" 1 [ SM Higgs
X T N NN\ bkg. uncertainty S E NN\ bkg. uncertainty
_g 0.3k —— mg = 750 GeV > ---- (k. =1, SM) x 100
2 n 6(gg—S)<B(S—HH) = 1 pb S 107" e (kx =20)x 10
©0.2

107

10°

107

-5
L 10
il — LAYIRAN oy 3 BN
300 400 500 600 700 800 900 100 0 50 100 150 200 250 300 350 400 450 500

mg (GeV] M, [GeV]
0 Multiple b-jet multiplicity categories (2b0j, 1b1j)
and tau decay modes (T.T,, T, T, T,T,).
o0 my, kinematic fit used for resonant search.

0 M;, used for non-resonant search.
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Looking for HH — bbTt
-

79 [ CMS-PAS-HIG-17-002 ]

limi 9fb’
00 CMS preliminary 359 b (13 Tev) - CMS pre/m/nary — 35.9 fb™' (13 TeV)

£ T FE e Observed . bb wc +bbert, +bb T,
— 900 _—; o Expected CLs :
E E I Expected + 1o
o 800 —_s' Expected + 20
T = heory:predlct‘llon
% 7005—5' -
& BOOp
X 500 :__ e
°
& 400 05
O 300[sekassans. T\
§° 200*

100f+ 1.5

0_|IIII| IIIIIIIII|IIII

20 -15 -10 -5 0 5 10 15 20
[ ]Observed 95% CL excl. Expected +1c ¢ SM k
- - - Expected 95% CL excl. [l Expected 26 ¢,=cg=C, =0

0 Upper limit of ~30x SM expectation.
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CE/RW
\

Looking for HH — bbTt
B I

§ 35.9 ™ (13 TeV)
= : : 359fb (13 TeV) CMS 95% CL Excluded:
o= i CMS bb !»lT + bb er +bb ‘C \T g it [JObserved MM = 1o Expected
— ; i g Preliminary - Expected + 20 Expected
g el Preimnay " combinedchamel | e et
g 10°F {  Sas hussw __
T ] i
I -
I E 3+ .
T 02 i NI e — [
» 10 3 E :
S - ] 2.5¢ |
I - i
© i 1 :
S 10 E_ ................ 2-_ |
) F ---o--- Expected CLs | 5 [
32 - I Expected + 16 15k ]
8 1 1 1 I ] IEXIpleclield TIZGI i Il 1 1 1 i 1 1 1 1 i 1 1 1 1 ; 1 1 1 1 -
300 400 500 600 700 800 900 qE e A el ]
mS [GeV] 2000 250 300 350 400 450 500

m, [GeV]

0 Limits on heavy scalar and and hMSSM pseudo-
scalar.
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CE/RW
\

g Looking for HH — bbWW

“ [ CMS-PAS-HIG-17-006 ]

CMS Preliminary 36 b (13 TeV) CMS Preliminary 36 b (13 TeV)
§%) 1000 L B R B A B B B %) oo~ T T T T T T
3 [ uu channel i ¢ Data .t 1 & T upchannel i ¢ Data (-t ]
III B : Signal (5 pb) : [l Drell-Yan N u>.| L : Signal (5 pb) [l Drell-Yan _
B i — m, =400 GeV ; M Single top 7] 1200 — i — SM 1l Single top —
800 — Uncertainty vV = C Uncertainty vV ]
L - - n v 5
B SM Higgs ] 1000 — SM Higgs -
600 — — C ]
L : ] 800 — H —]
L m; <75 GeV : 75 GeV <m; < 140 GeV m; 2140 GeV _ C m; < 75 GeV . 75 GeV <m; < 140 GeV m; =140 GeV B
400 |— — 600 I~ =
3 i - ]
i 400 — ]
200 — ]
. 200 ]
O E T | T T T T I T T T T T T T T T T T T I T T O T T T I T T T T | T T T T | T T T T I T T T T I T IT
= ; S I S T — ;
g 1%‘;‘6{5?;{**& H'}"I'ﬂ"'{'# '§r;;#-**;’“*“ﬂfﬁﬁ,ﬁi‘“;-~‘;4}-%#‘}-} g 1 §§§”i{"§¥é"'“{’{.{"ﬂ’m*' ;i‘;‘;"*é"’ié“‘**‘;éﬁ{'*ot“ﬂ;""1'* ﬁ"i*'#i
S 08 : $ 8 Y S A LI B S
06 E P T T T O T I A R N S I f 06 f AT T T I T T I S T I S N |E
0.5 1 1.5 2 25 0.5 1 1.5 2 25
NN output at m = 400 GeV, m, bins NN output at (x,, x,) = (1, 1), m, bins

0 DNN trained for non-resonant and resonant signails.

0 Simultaneous fit to DNN in m,. bins (sidebands and
signal region).
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CE/RW
\

m Looking HH — bbWW

m [ CMS-PAS-HIG-17-006 ]

CMS Preliminary 36 fb™ (13 TeV) 250 CMS Preliminary

. . . . | N .
: —— Observed 95% upper limit I SM (K =1,k =1) :
i = - EXxpected 95% upper limit : : ;
~ 10t MM 1std.deviaion . SSSSTTINN SUSSOOTTNNS SOSOOTTRINN: NUSTPN O 2.251
) : 2'std. deviation | &
= : Theory I 2.00 |
'3 : : | ’
I
1 .
< 10°% 4 1.751
o
Qo
1
g 1.50
&
X 102 4
= 1.25
<
1
g
5 1.00
S 101 i
E 075{ .-
i =
o H N . -
B 10° - os0] - I , N
ol . _ _ _ —
g. : pp - hh = bBVV - bbivIv BR(hh — bbVV - bbivIV) = 2.72 x 102
ol . T T T T T T T
| : -20 -15 -10 -5 0 5 10 15 20
; ; ; ; — : ; i ; K
-20 -15 -10 -5 0 5 10 15 20 Observed excluded (95% C.L.) [ 1 std. deviation O SM
K/ Kt = = Expected excluded (95% C.L.) 2 std. deviation -+ -+ Theory

0 Upper limit of ~80x SM expectation.
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Looking HH — bBWW
N

103 CMS Preliminary 36 fb 113 TeV) CMS Prellmmary 36 fb 1113 TeV)
: : : : 1< 2 S S S SO S
: : —e— Observed 95% upper limit 10 g L —e— Observed 95% upper limit

—e- Expected 95% upper limit
-1 std. dewatlon '

j 2 std deviation

- -- Radlon (/\R- 1.0TeV,: kL 35)

-e- Expected 95% upper limit
[ | 1 std. dewatlon ‘
2 std. devratlon

--- RSl KK grawton kL 35, k/Mp| 0. 1

95% C.L. limit on o(pp — X, spin 2 — hh)x BR(hh — bBVV — bblviv) (fb)

95% C.L. limit on a(pp - X,spin 0 - hh) x BR(hh - bbVV - bblvlv) (fb)

| SR I FPTRE S . —
102_ .......... ............. : ~ : ; : : : :

101_ .......... ............... ............... ............... .........

=
o
[

300 400 500 600 700 800 900 300 400 500 600 700 800 900
rnX, spin 0 (GeV) mX, spin 2 (GeV)

0 Limits on radion and graviton scenarios.
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Looking for SM HH

84 [ [T.DuPrec i SM@WHC 2017 (L Cadamuro @ Moriond 2017]
Tradeoff between I Obs. (exp.) 95% C.L. imit on oiosw
1. Resolution
2. Yield

N 1 bbbb | 29(38) | 342(308)

BR HH—xxyy ...
ww (= 120Gel) bbWW : 79 (89)
% bbrz - 28 (25)
o

bbyy | 117 (161) | 91(90)

Y4

v 1026%) 0.4% . ’ WWyy | 747 (386)

‘ LJLJI | | 108 A

Tobb oww e om oz om 2332f"  133fb" 359

[=: Test of anomalous HH couplings
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LHCP 2017 results ~1 month ago

o 4
CMS-HIG-16-041 H — ZZ — 4 lepton properties 35.9 fb-1
NEW ATLAS-CONF-2017-32 H — ZZ — 4 lepton properties 36.1 b~
NEW CMS-HIG-16-040 H — yy properties 35.9 fb-T
CMS-HIG-17-015 H — yy cross sections 35.9 fb-1
ATLAS-CONF-2016-067 H — yy cross sections 13.3 fb-!

ATLAS-CONF-2017-024 H — yy + MET new phenomena 36.1 fb
ATLAS-CONF-2017-028 H — bb + MET dark matter 36.1 fb~1

NEW CMS-HIG-16-043 H- Tt 35.9 fb
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= H—YY production tags

\
5
CMS Preliminary H—yy 359 fb' (13 TeV)
B ooH B veF tH  [Jj boH B tHg B tHw
B wHhadronic [l WH teptonic zHnagonic [l zrieponic M O Ho, B S/(S+B)

Untagged 0 [EESRESTET0 o RIS
Untagged 1 [ERIGES(olTR o RATEHIE

Untagged 2 [GIVR:XSTo o RIS

Untagged 3 GRIVRRSToETR T RIS
"SI 10.0 expected events
\sI=al 8.6 expected events
\iGigPl 27.8 expected events
ftH Hadronic XX
ftH Leptonic
yAR RNy il 0.5 expected events
WH Leptonic expected events
1 LeptonicLoose
VH Hadronic

VH MET

10 20 30 40 50 60 70 80 90 100 5 o5 1

15
Signal Fraction (%) Width

25 0 01 02 03 04 05 06
(GeV) S/(S+B)in+ o,

2
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H—yY production tags ;g

>
[0
C\E/RW O Ef 1254Gev, =116 Onedged0
“) @ 70 ¢ Data
e — S+B it
S 6Oy -==ae= B component
) 0 ] l L
[ CMS-PAS-HIG-16-040 ] 5 e
[J+20

CMS Preliminary H-—yy “

nTRTH ARNTY RURTE RRARE RRRRE RRARASRRRANEN

30
B oo+ B veF tH  JJj boH B tHq B tHw 20
I wH nhadronic [l WH leptonic ZH hadronic [l ZH Ieptonic 10

Untagged 0 [EESRESIET0Clo RIS

Untagged 1 [ERIGGES(olTR o RAEHIE

UhiElle 2l 6/0.4 expected events

Untagged 3 [GRIOARS LR CREATEHNE B R T T T T e TRy RT

GeV
\sIa 10.0 expected events My (GeV)

szl 8.6 expected events CMS Preiiminary 359 b (13 TeV)

> LS BN L BN LRI B B
10— -
\sIaPB 27.8 expected events § - ?;’;Qg sGev fiotie  VBFTaO0 ]
PR ¢ Data _ b

ttH Hadronic (LS & [ — S+Biit .
b T TT | eeeee B component ]

. 6 1o —

ftH Leptonic I oo .
4z BT 11 0.5 expected events 4 ]
WH Leptonic expected events 2: Al ] u

) C G RdTTINE

1 LeptonicLoose 0

8 " B component subtracted

VH Hadronic 6 E
: .

VH MET 2 ;

10 20 30 40 50 60 70 80 90 100 :i
Signal Fraction (o/o) 100 110 120 130 140 150 160 170 180

m,, (GeV)
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H—YY production tags

CE’RW
\

+0.11 +0.09 +0.06
M=0/0sm=1.16 010  (stat) oos  (Syst.)_oos  (theo.)
CMSIPrtlelirr:inalry o - 35 9 fb (13TeV) CMS Prellm/nary 35.9 fb” (13 TeV)
| T T T \\\ T T T | T T T | T T T | T T
H-yy - Comblned 1o Hoyy o —m— Per process * 1o
N
. —&— Perprocess + 16~ _| B \ N
- P ggH | 1052 B swm Prediction
Mogn | 11155 = — n
VBF | o0s*¢ m,, profiled
— = 1.16 712 — BN
l'lcombined -0.14 — N ]
B | WHleptonic | 1% \ —a—
M. | 22255 P - \ _|
L —  ZHleptonic | 0077 I—|
229 *!1 B \ N
Hyn 10 VH hadronic | 41 } = |
1 1 1 1 | 1 1 1 | 1 1 1 | 1 | 1 1 N 1 1 1 | 1 1 1 1 1 1 1 L 1
5 5 2 4 5 8 = 0 2 4 G 8
88 proc/Gtheo

0 Template cross sections factorize theory uncertainty.
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CERN
\

= Observation of H—T1T

[ CMS-PAS-HIG-16-043 ]

CMS  Preliminary 1,7, VBF 35.9 fb' (13 TeV)

+ Observed

|:| Z-tT

[ z-pwee

[ ttsjets

- Wijets

[ ] acp multijet
. Others

B e (1w = 1.06)
—— Ho>tt (u = 1.06)

D Total unc.

_+_ Data - Bkg.

Bkg. unc.

— H—TT
Bkg. unc.

0 < m, < 300 GeV GeV

- ; B i ' i - i B ' B i - B
- 300 < m, < 500 GeV - 500 < m, < 800 GeV : m; >800

R

Events/bin

—
o

(Data.-Bkg.)

: Bkg. unc.

0 Exploits 4 final states (ey, KT, eT,, T, T,,) and 3 categories (O-jet,
boosted, and VBF)

enjoying.higgs@cern.ch  GRC Particle Physics 2017



Observcmon of H—TT
m

35.9 fb' (13 TeV) 35.9 o' (13 Tev)
> 1800_| LI LI B | I LI D | lll"ll:"l 'I"l' 'l"l' l"'lll"l.'l IJ
8 CMS aok T T T + :Jm |bk ; - CMS
ata -
= 1600} Preliminary aob 131 | Preliminary
(/2] : — H-tt : I .
T 1400 [1z-w ook {4 ] Ojet+09
o [ [ Wjets Dskg. une. {1 082 4.2
@ 1200 [ acD multijet 10p 1 3
§®) [ [ ] other bkg. | 1 L N boosted _
o B 3 - 141104
+ 1000 — H-w — -0.37
< C _ _10b ]
fe)) - \:’Unoertamty - vbf
Q ¢ Observed AP P I I U PUUE B L ——— . 4
= 800 0 50 100150200250300 { | 197 529 1
C_e 600 O-jet: Tt m. (GeV) —: comobzlged
w n VBF: 1.1 . 1067054
= 400 T -
%) - —l_,_’_'_\_ Boosted: e, ut , e, tt, 1 - n
200p— P* . =
m 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1l 1 1 ) ) | ) ) ) ) | . ) ) ) | ) ) ) )
0 50 100 150 200 250 300 0 1 2 3
m,, (GeV) Best fit u = /G .

0 Exploits 4 final states (eM, KT, eT,, T, T,) and 3 categories (O-jet,
boosted, and VBF)
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= Observation of H—1T
n

CMS Preliminary 35.9 fb' (13TeV) 35.9 o (13 TeV)

m 1 L | L | LI I LI | | L | L | I '.g‘)107 Nan T I e I o I o I s I?
= § CIC) 5 CMS }g ¢ (Data bkg)/bkg .
910_1 100 L|>J10 Preliminary 14F (H->tt)/bkg 3
a — Observed 5 osf—] Bkg- tnc. i
= E. B o & 10 o5t 3
. | P 3
QIo*E Expected E . K s s A ]
- 3 10°E 05 E
10°2 30_; 35 ;
E 100 E
107 = 10°F
............ S, U /.. 0O ; D"h"h .Mh
105 - 10 lew [
. - —H-1tt |:|Uncertainty
. 1
10—6 E EE + Observed
........................................................................ .p:‘ —1-| L1 1 I 1 L1 1 I L1 11 I 1 11 I L1
oL - W3 25 2 15 -1 05 0
S | | | | 3 log(S/(S+B))
_I L1 1 L1 | L1 11 I L1 11 I L1 11 L1 1 1111 | .| l—

105 110 115 120 125 130 135 140 145
my (GeV)

0 At the 50 level. (4.90 obs, 4.70 exp.)
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Reaching for the 2"? generation
B

I:lH auu > 107§"'I""I""I""I""I""I """" |""|"E
CC\DJ - ATLAS -+ Data —ggF x100 3

1 Peak over 5 10°E \s=13TeV,36.1 b |:1Dre||-\(an—VE;F><1ooE
5 = [ Top —VHx100 3

smooth G L [Cbiboson -
background. = ]
1045— =

1 Very small = =
S/Bo 103__ _§
10° E

N T T P

S e =

I 12 =

© 1;—0-.—_:-0—0—0—0—0-!-#-0—0-&-0—_._—0-*-.—.;0:43

1 3 | —

110 115 120 125 130 135 140 145 150 155 160

m,, [GeV]
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H—uu

m [ arXiv:1705.04582 |

e L B B S B | S/VB | FWHM | Data
s [ ATLas +Data  —ggFx100 - Central low pi" 11 [ 8000 |  0.12 | 5.6 GeV | 7885
g 1UE 1s-13Tev,36.1 10 [EDrell-Yan —VBF x 1005 Non-central low p' 32 | 38000 0.16 | 7.0 GeV | 38777
- EE’: —VHx100 3 Central medium p4 23 | 6400 | 0.29 | 5.7 GeV | 6585
o osen N Non-central medium p4* | 66 | 31000 | 0.37 | 7.1 GeV | 31291
1 —|_|_\— - Central high p" 16 | 3300 | 0.28 | 6.3 GeV | 3160
. . Non-central high p//* 40 | 13000 0.35 | 7.7 GeV | 12829
10° . VBF loose 34 260 | 021 7.6GeV | 274
VBF tight 3.4 78| 038 | 7.5 GeV 79
' LI L I IR I B I IR I I
10? - - E 355_ ATLAS ]
= 3 @ 30 VBF tight \s=13TeV,36.1fb" 3
Q  14E 3 £ - x%ndof = 30.7/48 ]
S 1ep = "oasp E
£ e —— . = - —e— Data -
e 0.8 —— = 20 Background model -
0.6 — C —— Signal x 20 =
-0.2 0 0.2 0.4 0.6 1 - -
BDT score 15 : =
10 —f
0 Multivariate dimuon+dijet 5 :
° ° ° ° L o T
discriminant for higher-S /B S et
i T Dttt
topology selection. B ot e b
_4F =
] G/GSM < 2.8 (2.9) ObSo (exp.) 110" 115720 125 130 135 140 145 150 155 160

m,, [GeV]
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g A Run 1 (flavour) puzzle

m [ CMS-PAS-HIG-17-001 ]

4 LFVH-urt
I I I
—&— CMS —8— ATLAS
8 TeV (19.7 fb”): PLB 749 (2015)337 (203 fb”): EPJC 77 (2017) 70
3

13 TeV (2015, 2.3 fb™"): HIG-16-005

13 TeV (2016, 35.9 fb™"): HIG-17-001

084 +0.39 °/o 053 +0.51 %

-0.37 -0.51

= Runl: 20 “hint” in CMS

N
| L | L | | L | |

Best Fit to B(H—-ut), %

0 Not disproven by ATLAS 70 ? "
data. o 1

7 Run2: CMS first result p t -
negative but
inconclusive. ol ' ' ' -

CMS 8TeV ATLAS8TeV CMS 13TeV CMS 13 TeV
2015 2016
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= Search for LFV decays

\
N,

“ [ CMS-PAS-HIG-17-001 ]

2016, 35.9 fb™" (13 TeV) 2016, 35.9 fb™ (13 TeV)
E 700 ) ! j o] ) i i I v i T T T c —— T T L T T T r T T r T r
Q CMS Preliminary ~+-Observed[ |Z—>tr S 50 CMS Preliminary ~+-Observed [ ]Z-w
2 600 wr, 2 jets VBF-enriched [l z—ee/un []tt t+jets 12} - ut,, 2 jets VBF-enriched Elz-ee/un [ titeiets
GC) [[]Diboson [ ]Reducible GCJ 40 [[Jpiboson [ |Reducible
5 500 B SM Howr —Hopt (B=5% |7

[ ]Bkg. unc.

0 100 500 300
Collinear Mass [GeV]

04 0.2 0 0.2
RDT Adiceriminatnr

11 BDT extraction and collinear mass cross-check.
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CE/RW

\
N,

Search for LFV decays

m [ CMS-PAS-HIG-17-001 ]

ut ,0Jets
had
0.51% (0.43%)

ut ,1Jet
had
0.53% (0.56%)

ut , 2 Jets
had
0.56% (0.94%)

uv , VBF
had
0.51% (0.58%)

T, 0 Jets
1.30% (0.83%)

uT, 1 Jet
1.34% (1.19%)

ut, 2 Jets
2.27% (1.98%)

we_, VBF
1.79% (1.62%)

H—upt
0.25% (0.25%)

35.9 fb™" (13 TeV)

CMS preliminary

IIIIIllllllllllllllllllllll

h—>yr: BDT Fit

e Observed

X Expected
[ = 1 std deviation |
[ ] = 2 std deviation

i

IilIIIIII|IIl|III|III|II]IIII|

0O 2 4 6 8 10 12 14
95% CL Limit on Br(H—ut), %

CMS preliminary

ut ,0Jets
ad
1.04% (1.14%)

ut ,1Jet
had
1.74% (1.26%)

ut ,2Jets
had
1.65% (2.12%)

we_ VBF

1.30% (1.41%)

uT,, 0 Jets
1.08% (1.01%)

uT, 1 Jet
1.35% (1.47%)

uT, 2 Jets
3.33% (3.23%)

ut_, VBF
1.40% (1.73%)

H—ut
0.51% (0.49%)

35.9 fb” (13 TeV)

h—ut: M Fit
col
l ® Observed
X Expected
[ = 1 std deviation |
[ ] = 2 std deviation

IlilllIlllll[lllll|IIlIIll|IIII

0O 2 4 6 8 10 12 14
95% CL Limit on Br(H—ur), %

11 BDT extraction and collinear mass cross-check.
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g A Run 1 (flavour) puzzle

[ CMS-PAS-HIG-17-001 ]

4 LFVH-urt
I I I
=@ CMS == ATLAS
8 TeV (19.7 fb"): PLB 749 (2015) 337 8 TeV (20.3 fb'): EPJC 77 (2017) 70
3

13 TeV (2015, 2.3 fb™'): HIG-16-005

13 TeV (2016, 35.9 fb™"): HIG-17-001

084 +0.39 0/0 053 +0.51 %

-0.37 -0.51

-076 +0.81 0/0 000 +0.12 0/0

-0.84 -0.12

¢

N
| L | | L | | L I |

Best Fit to B(H—ut), %
(@] -

1 Null result. -1

0 SM wins again.

I l l
-2
CMS 8TeV ATLAS8TeV CMS 13TeV CMS 13 TeV
2015 2016
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(ﬁfE/RW
\
N/,

Standard Theory of Particle Physics

[ http://cern.ch/go/dWéz ]

—2000,000); = 9SO, 030,9, ~ 931" I 9, 9,9,9% + 5193 (@ 067N gy + GG+ g, f“”ca G"G"g -
AW OW, — MWW, =30, 200,20 — 1 M22028 — 10,4,0,A, — 10, H0, H—imiL 0,60t —
M2¢+¢— 16#¢00H¢0 M¢0¢0 ,3 [2 +2MH—|— (H2+¢0¢0+2¢+ : 0 W+w—_

WHW:) — Z0(W 3, W — W9 W+)+Z°(W+a Wi
A(W oW, WaW)+A(
g Z°W+Z°W‘

15y, —1—=7")e )+(u (58
uiy(1+ 75)and")] + MW# [(e* 7”(1 +

; A1 =7)ed) + ¢~ (N1 + 7)) — §RE [H(@ ) +
- ﬂ’\C’,\K(l - )d") + m"(u’\C’M(l +7°)df] + m%(b [m)) (d’\C’:{K(l + 0 uf) —
- Vo)) — § % H (@ ) 47 (D)) + 2@ ) — BB ) + XH(0? -

J
M2)X+ 4 X (92— M'~’)X +X0(a2 M) YO LV O2Y + ige, WH(9,X°X - 9 X+X0)+zgst;(8 YX-—
. XTY) +ige,W, (0, X X0 — 9, X°X*) +igs,W, (0, XY —9,YXT) +igch°((9 )_(+X+ 9, X X))+
95, A, (0, XX+ — 0,XX") = LgM[X*X*H + X~X~H + L X°X H] + 2% ig M[X X%+ —
X-X09] 4+ 5 igM[XOX ¢+ — XOX*¢7] +igMs,[XOX~¢* — XOX+¢7] + ng[X+X+¢° XX 3]
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Standard Theory of Particle Physics

o
—50,950,95 — 9. f*0ug59595 — 192 F " Fghgsgngs + 519 (7" a])gh + GUOPG® + g, f**D,G Gl —
OWFOW — MPWEW = 30,200,20 — 55 M?Z8Z0 — 30,A,0,A, — 30,H0,H — m} H? — 0,6 0,6~ —
M2¢* ¢~ = 10,0°0,0° — 5 M@ 60 — B[ 2257 + 2L H 4 L (H? + 6°0° 420 ¢7)] + 224 — igeu [0, Z0(W,F W, —
WiWr) = Z)(WiEo,W, =W, 0,WiH) + Z)(W,o,W,, — W, 0,W,)] —igsw[0,A(WIW, —WIW;) -
A, (WEO,W, — W o,WF) + A (W,Fo, W— W, 0,W,0)] — LW W, WiW, + L Wiiw, Wiw, +
G (ZW i Z0W, — Z0ZOW W) + g%s (A, W+A W A“AquW;) + g2swcw[AMZB(W;W; -
WIW,) = 24, Z W, W] — ga[H? + H¢°¢° + 2H¢+¢ | = s9%an[H" + (¢°)* +4(¢+¢‘) +4(0%)%0" o™ +
4H 2¢+d> +2(¢°)2H2] gMW W, H — 5955 Z)Z)H — 19[W+(¢°0u¢ — ¢~ 0,0°) =W, (¢°<9u¢+ ¢+8u¢°)]+

WJ¢+) +1igs ) —
TOWIW +
W, ¢t) = Lig? 2 ZOH(W, o~ — W, 6%) + 10%s, A, 0°(WEo™ + W, 6%) + Sig?s, AL H(W, 6~ — W, ¢*) —

972 (262, — 1) Z0 A0t ¢~ — g'sh Ay AugTom — eNyd + md)et — POt — ) (v0 + mi)u) — dj (70 + m;})dj s
igswAu[—(@y"et) + %(ﬂ ’y“u ) = 5(d" )]+ 3 ZR[(P (L+9°)1A) + (@ (4s7, = 1 =) e )+('& (5

1= 9%)u) + (d3y"(1 = §si, — )d*)]+ sz Wi (P (L +°)e?) + (@ (1 +9°) Cands)] + 555 313 Wl 7"(1+
YOA) + (d5CLA (1 + 7 u A)]+MM[ o1 =7")e) + 7 (N (1 + 97 - 4 [H (e ) +
i (e*ye)] + sz¢+[—md( @ Cre(1 = 7)) + my (@ Co(1 +°)d5] + 3567 [ma(d) O (1 +7°)uf) —

mis ()L (1 — 7%)us] — §25 H (whu j)—%%H(J§d§)+%%¢°(u*v5u*) 97 40( D)) + X (92
M) X+ 4 X (0% = M?) X~ 4 X0(0% = M) X0+ Y02V +ige, W, (9, XX~ — 9, X+ X0) +igs, W, (9, X~ —
0, X1Y) +ige, W, (0,X X0 — 0, X°X ) +igs, W, (9, XY -9 Y’X+) +2'gch0(8 X+X+ 9,X " X7) +

195w Au (0, XX = 9,X"X7) = JgM[X*X*H + X~ X~ H + F XX H] + 5 126 g M X+ X0+ —
XX+ 7igM[X°X~¢* — XOX* 7] +igMs,[XOX 6" — X0X+¢ ] + ng[X+X+¢° X-X-¢
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Standard Theory of Particle Physics
B I

—30,950,90 — 950989595 — 1921 Frgbglgtas + 3igi (7" q]) gl + GUOPG® + g, f*0,G Gl —
AWo,W — MWW, —10,7°9,20 — 5 M?207° — 19,4,0,A, — 18,H8,H — m2H? — 8,67 9,6~ —
MEgth — 10,090,602k %60 — 3[4 COH (1 0000 42606 )) 4 B g0, Z2(W W~

WiW,) = Z0W W, — Wi a, W) + 20,0, W W0 — igsuldu A (WIW, — W) —
AWFOW, =W a,WH) + A (Wra,W, — W, 0 W+)] - %g’szW;WJW; +LPWIW W, +

PE(ZWEZW, — ZOZOW W) + ¢°s2 (A, W+A W A#A#WJW,,‘) + gzswcw[AuZB(W;W; -

WIW,) = 2A,Z)W, W, | — ga[H? + H¢¢" + 2H¢+¢ | = sg?an[H* + (¢°)* + 4(¢+¢_) +4(¢°)0 o™ +
H2¢+¢> +2(¢0)2H2] gMW W - H—ggcz Z)Z)H — 19[W+(¢05’u¢ —¢0,0") =W, (¢°3u¢+ ¢+5u¢0)]+

Wy ot) — Lig? wZOH(W+h— — ) —
9?2 (2 - 1)Z)) . d; +
igs:( A, (& Lug But: dark matter, matter-antimatter, etc. &2
1= 7°)u}) + (T =555 = V)G + 55 W,y L+ y7)e ] + @y (77 JOWG]TF 5, T L+
YW + (d5 Ol A" (1 +77)u A)HMM[ ¢t (N1 —2%)e?) + ¢ (e (1+’7) M - _QM[H(eAeAH
9] + g5z6 T mG a1~ )) £ mE (1 4770 + it i “[m(dCL (1 + 7)) -
mis(d2CL (1 — )] — 45 H (@) ) 47 (D)) + 2@ ) — BB ) + XH(0? -

M) X+ + X (0? —MQ)X‘ —|—X'°(82 ) )X°+Y02Y+zgcwW;(8 XX~ -9, XX +igs, W, (9,Y X~ —

0, XY ) +igeu W (0,X~ X0 — 9,X0X ™) + igs, W, (9,X°Y — 0 YX+) +ige 20, XX~ 0, X X) +
195, A,(0,X* X+ — 0,X~X") = L}gM[X*X*H + X~X~H + 2 X°X°H] + 1325 igM[X+ X%+ —

XX09] + 5 igM[XOX % — XOX 6] + igM s,[X°X -6+ — XOX+¢7] + ng[X+X+¢° XX 3]
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The Next Standard Model

ttp://cern.ch/go/dWéz ]

Standard

Theory
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The Next Standard Model

Standard

Theory
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Ways to find something else
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Ways to find something else

You are here: Home » Yoda »

“Always two there are, no more, no less.
A master and an apprentice.”

— Yoda

enjoying.higgs@cern.ch  GRC Particle Physics 2017



Ways to find something else
N

“Always two there are, no more, no less.
Direct searches and precision
measurements.”
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Ways to find something else

Direct searches
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Ways to find something else
Y g

Direct searches will be presented later by
J.-B. de Vivie
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— Ways to find something el
y g else
-

precision
measurements
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H(125) — looking for “something else”
o P
01 Mass
O Exp. Uncertainties
o0 SM consistency: (my, m,,, m
0 Spin
o J=1 and J=2 disfavored.
0 Charge

o Zero. (That was easy.)

’rop)

0 Parity
o Amplitude decomposition - EFT

0 Scalar couplings
o K-> K(q) = f(q) = EFT
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I:l qus %' - 68% andI 95|% ;:L Icorlltolurs| ] I' "f?l'.w';r_":l;‘:'i"‘bé:;;"l l,, ’I’E

% 80.5 — ‘W fit w/o M, and m, measurements E - :I'{g.;gge‘;/m “ v/ —

o Exp. Uncertainties R SOt M e

0 SM consistency: (my, my, m,,)) | :

N spln 80.35 [ 1. - 0.305 - 0015 Gev —

O J=1 and J=2 disfavored. ok E

0 Charge w2s |-, 2 e,
O Zero. (That was easy.) R T T )

m, [GeV]

O Parity
O Amplitude decomposition < EFT

0 Scalar couplings
O K-> K(q) - f(q) < EFT

enjoying.higgs@cern.ch
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Handles on deviations

O Mass
O Exp. Uncertainties Q"’:ig.cms O e T T T
O SM consistency: (my, my,, mep) I o i

0 Spin i T
0 J=1 and J=2 disfavored. 'f,?,'

0 Charge 50

O Zero. (That was easy.)

O Parity
O Amplitude decomposition < EFT

0 Scalar couplings
O k- K(q) = f(q) & EFT
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CE’RW
\
N,

@ Handles on deviations

O Mass

O Exp. Uncertainties

O SM consistency: (my, my,, m
O Spin

O J=1 and J=2 disfavored.
0 Charge

01 Zero. (That was easy.)

top)

O Parity
O Amplitude decomposition < EFT

0 Scalar couplings
O K-> K(q) - f(q) < EFT
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= Handles on deviations

O Mass

O Exp. Uncertainties

O SM consistency: (my, my, m,, ) o

] Spin A(Xj—o > 1V2) ~ v‘l<la1—ei""\1%] mzey €5,
O J=1 and J=2 disfavored.

azf’:(/zﬂf*(zz),yv + asf;ISZﬂf*(Zz),yv
0 Charge

+

+ a2 f;lgz) Frodm 4 g2y f;f](/z) Frw
+ a;” f;yn) f*(')rz),;w + a;” f;yn) f*(vz),yv)

CMS 19.7 b (8 TeV) + 5.1 b’ (7 TeV
O Zero. (That was easy.) 3T T AL Lo W
O] Pariiy § © Best fit 12 2
N 0.5 10 L

o Amplitude decomposition €< EFT

O Scalar couplings ~ .
0 K-> K(q) > f(q) < EFT

f.5 COS(0,5)
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Handles on deviations

O Mass

O Exp. Uncertainties

O SM consistency: (my, my, m,, )
O Spin

O J=1 and J=2 disfavored.
0 Charge

O Zero. (That was easy.)

O Parity
O Amplitude decomposition - EFT

0 Scalar couplings
o K-> K(q) = f(q) € EFT

enjoying.higgs@cern.ch

ATLAS and CMS
LHC Run 1
K o
9Z _.i__*—
Zg =
}\'tg ———— ——
)"W — -
Z el e
|}h | -
vZ —e— ATLAS+CMS g < ol
I— —=— ATLAS :
| —— CMS >
Z — 1g interval ~n—.—_+_
— —— 2c interval
Ayl i
T
| i | | IR | Ll
-3 -2 -1 0 1 2 3

Parameter value
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Deviations are on a diet

[ arXiv:1306.6352 ]

11 Even more precision needed !

— gneb _ _Ghrr 4 n 1 TeV?
n SUSY (TdnB_s): ghSMbb B ghSMTT N ma

C . Hi ghff ~ v 1@1 Tev)2
O Omposne |ggS. Ghsmff JhsmVV f

1 TeV\? 1 TeV >
0 Top partners: -2 ~ 1+@( - ) , le—@( : )
Ghsnmgg mr Ghsmyy mr
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Supplementing the Standard Theory

Concrete BSM SM-EFT extension

0 SUSY: MSSM, NMSSM, 0 Add higher-dimensional

etc. operators.

0 Possibly: O Assumes:
O Light new physics. O Heavy new physics.
O Other states. O Indirect effects, loops.
O Non-decoupled. O Decoupled.

0 Specific benchmarks. 0 Generic interpretation.
o LHC HXSWG WGS. o LHC HXSWG WG2.
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Supplementing the Standard Theory

Concrete BSM SM-EFT extension

0 SUSY: MSSM, NMSSM, 0 Add higher-dimensional

etc. operators.

0 Possibly: O Assumes:
O Light new physics. O Heavy new physics.
O Other states. O Indirect effects, loops.
O Non-decoupled. O Decoupled.

0 Specific benchmarks. 0 Generic interpretation.
o LHC HXSWG WG3. o LHC HXSWG WG2.
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Supplementing the Standard Theory

Concrete BSM SM-EFT extension

0 SUSY: MSSM, NMSSM, 0 Add higher-dimensional

etc. operators.

0 Possibly: O Assumes:
O Light new physics. O Heavy new physics.
O Other states. O Indirect effects, loops.
O Non-decoupled. O Decoupled.

0 Specific benchmarks. 0 Generic interpretation.
o LHC HXSWG WGS. o LHC HXSWG WG2.
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— Not all EFT are born the same
[ http://cern.ch/go/L98Q ]

Top-down EFT Bottom-up EFT

0 Full theory known: 01 Full theory unknown:
0 Matching conditions 0 Add operators as
bridge EFT and full theory can calculate
theory. and data can discern.
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Not all EFT are born the same

CE/RW
\

Top-down EFT

0 Full theory known: 01 Full theory unknown:
0 Matching conditions 0 Add operators as
bridge EFT and full theory can calculate
theory. and data can discern.
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S

m [ http://cern.ch/go/L98Q ]

Top-down EFT

Not all EFT are born the same

01 Full theory known: 01 Full theory unknown:
0 Matching conditions 0 Add operators as
bridge EFT and full theory can calculate
theory. and data can discern.
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A taxonomy of dim-6 SMEFT operators

12|

Class Nop CP-even CP-odd

Ng 1 3 Ng 1 3

1: X3 4 2 2 2 2 2 2

2: HS 1 1 11 0 0 0

3: H4D? 2 2 2 2 0 0 0

4: X2H? 8 4 4 4 4 4 4

5:¢?H®+he 3 3n2 3 27 3n2 3 27

6:9?°XH +he. 8§ 8n? 8 72 8n?2 8 T2

7:y*H?D 8 Ing(9ng +7) 8 51 ing(9ng —7) 1 30

8 :(LL)(LL) 5 In2(Tnj +13) 5 171 In2(ng —1)(ng +1) 0 126

8 : (RR)(RR) 7 tng(21ng + 2n2 + 31ng + 2) 7 255| ing(2lng+2)(ng—1)(ng+1) 0 195

8 :(LL)(RR) 8 4nZ(n2 +1) 8 360 4n2(ng — 1)(ng + 1) 0 288

8 :(LR)(RL) 1 ng 1 81 ng 1 81

8 : (LR)(LR) 4 4n; 4 324 4n} 4 324

8 : All 25 Ing(107n3 +2n2 + 89ny +2) 25 1191|  ing(107nd +2n2 —67n, —2) 5 1014

Total 59 [£(107n3 + 2n) + 213n2 + 30ng + 72) 53 1350 £(107ny + 2n) + 57n2 — 30n, + 48) 23 1149

Table 2. Number of CP-even and CP-odd coefficients in £(®) for ng flavors. The total number of
coefficients is (107ng + 2n3 + 13507 + 60)/4, which is 76 for ny = 1 and 2499 for n, = 3.
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SM-EFT questions

S
0 From 2499 dim-6 operators to ~60 operators.
0 Symmetries guide the culling:

® Flavour, ~custodial, CP.
® Each assumption needs testing measurements/observables.

0 But to go down from ~60:
0 Guidance from experimental sensitivity.
0 Use complementary information:

® LEP, Tevatron, etc experimental constraints.
® aTGC/aQGC, top quark, EDM searches, etc.

enjoying.higgs@cern.ch  GRC Particle Physics 2017



SM-EFT questions

124

1 From 2499 dim-6 operaie
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= With some LEP inspiration

N/,

Theory

coefficients

Pseudo-
observables

PDF, radiative corrections,
etc.

Experimental

, Fiducial
EXP unfolding measurements

Resolution, etc.

measurements
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The easy PO — on-shell h(125)—4%

m [ https://goo.gl/JcWEuc ][ arXiv:1504.04018 ]

/

-

Multi-body modes Two-body (on-shell) decays
e.g. h — 44, thy, ... [no polarization properties of
J the final state accessible]
Form factors — f;(s) [E.g.: s =m?%] e.g. h — vy, pp, tt, bb
. . \
Momentum expansion of the f£.f. around leading poles
. £SM+NP — K + % 4 4
E.g.: f s-mHmT, | mp O(s/mz?) )
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CE’RW
\
N,

The easy PO — on-shell h(125)—4%

[ https://goo.gl/JcWEuc ][ arXiv:1504.04018 ]

non-local amplitude
at the EW scale:

'u Jl'l’ f ~“~.__,—"
r ‘]f r f negligible
2m? Il i SM-1L -3
A=i=Z 3" " (ere)(@sm)x - =380
F e=ep.en p=pr.pr e%l\f'lL ~ 6.7 x 1073
9797 €ze 97 | €Zu 9% ) of
Kzz -+ - itk
[ ( Pz(¢3)Pz(q3) m% Pz(¢3) m% Pz(q})
9595 st (7 ( eQu9% eQedY ) SM-1L GQQeQu> @ g 97 — g’
i} GEE + Kz~€7 N .
( P7(q3)Pz(q3) AT X gPeled) T mPala) | e m%
+ (GCP e |, g ( eQuiy | eQeds ) . eQQeQu> saﬁp"qapqw]
4.7 Z
Pz(¢?)Pz(¢2) " \3Pz(¢?) ¢Pz(83) L m%

Pz(q*) = ¢ — m% +imzl'z
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The easy PO — on-shell h(125)—4%

m [ https://goo.gl/JcWEuc ][ arXiv:1504.04018 ]

TLAS+CMS

o =1.2+0.2

Double Z-pole Single Z-pole S
<

h z h

Z Z

3

|
|
|
i

A L A A A

2m?, St uu——
A=TL S5 (el 06 04 -02 00 02 04

UF €L:CR [= uL MR — , p— p—
R 99 €Ze 9 Zu 97 m\ of
K77 Z Z Z g S 12 (]“ 5+ EZeL

Pz(q?)Pz(q ﬂz Py(q3)  m% Pz(¢?)

(/‘

(/z Zy L eQuyy + eQegy ) by SN 1L€2Q6Qu> @ a9’ _(12“(11’3+
72 Pylq I i Z BPz(q})  qiPz(43) T TR m%
J7Jz 1 ( eQu9% eQeQQ ) 18 cp€ QeQu) E(M’)UQQ/;(IM]
Py( q1 ) Pz( q.‘ \@EP( @) T GP(B)) T dd G

+

C

+ (G

my

Fﬁm

Pz(q2) = q2 - mQZ +imyzly
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The easy PO — on-shell h(125)—4%

[ ATLAS-CONF-2017-032 ]

© E/RW
\
N,

-3
8 s S NS B (R R S e et Kl AN SR B
¢ 2: ATLAS Preliminary
- H>2ZZ" >4 95%CLObs
13 TeV, 36.1 fb”' * SM

d
IT]IITT]IIII]I

......
- oy

----- 95% CL Exp

lllllllllll]lllllllllllllllllllllllllllll

g _ ATLAS F;reliminary - —— oaa l ] 0-5
(o) 25 Ho 22 4 (] syst. uncertainties ~
- 13TeV,36.11b" + NNLOPSk=1.1,+XH . =
o I MGS FxFxk=147,4XH
2 N sssssss XH = VBF+WH+ZH+ttH+bbH .
— p-value NNLOPS = 41% ] L
1'S:_p-valueMGSFxF)(=54% —: 0 5:'_
3 I |¢1 = - L
05__ + l+. l+ ] _1._
C... . N
G" ! - ._ ™ \\\§§‘§%~ N -
L - -1 -57
212:" I i vl IERRRININ [P NP P R i
RS R A o i NS Y- S HEE Y- AR 7
Q 05+ .
bin 0 bin 1 bin 2 bin 3 bin 4 SL
"112\/SIﬂ34

enjoying.higgs@cern.ch

GRC Particle Physics 2017




N/,

CMS Peak Luminosity Per Day, pp, 2016, Vs = 13 TeV 20] 7:

P
Data included from 2016-04-22 22:48 to 2016-10-27 14:12 UTC V4 o
, | , , | y 2X nominal

4
12016

1.5X nominal

Max. inst. lumi.: 15.30 Hz/nb

[
8]

=
(=]

10 |HC nominal luminosity rate

Peak Delivered Luminosity (Hz/nb)
U1

o<

N ) N 9
\“30 \’\\) .\‘\ N o \‘609
Date (UTC)

RS
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It is not like a new detector,

~Q0Q

ERN

Posted by Stefania Pandolfi on
13 Mar 2017. Last updated 14
Mar 2017, 15.23.

Voir en frangais

This content is archived on the
CERN Document Server

it 1Is a new detector.

CMS pixel tracker transplant:
everything went well so far

by Achintya Rao

Delicate surgery: The new Pixel Tracker being installed at the heart of the CMS detector. (Photo:
Max Brice/CERN)
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CE/RW
\

N/,

ATLAS Online Luminosity

e 2011 pp
= 2015 pp
w2016 pp
s 2017 pp

— 450
a2
g 40:—
3 35K
< -
E 30
4
g 25:—
2 20F
Q —
O 155

10}

5

O:

Ja®

fs=7TeV
fs =8 TeV
s =13 TeV
fs =13 TeV
fs =13 TeV

w W
o 6]

N
wn

Delivered integrated luminosity (fb ')
o
w

o
o

N
o
T

=
w
T

=
o
T

2017 data-taking is in full swing

LHC 2017 RUN (6.5 TeV/beam)

—o— ATLAS 3.671 fb!
H—A— CMS 3.630 fb !
—— LHCb 0.114fb!
—o— ALICE 1.387 pb ™'
PRELIMINARY

Jun
Month in 2017
(2017-06-25 14:19 including fill 5872; scripts by C. Barschel )

ot
Month in Year
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On the shoulders of gi

ants

detector makers & theory calculators

“Yesterday’s discovery is today’s calibration, and tomorrow’s background.”

Inelastic collisions: ~7 %X10'°

- V. L. Telegdi [ http://cern.ch/go/If9C ][ http://cern.ch/go/KD8D ]

CMS Preliminary

April 2017

A
: g8
>n jetg) :
m :

>n jet:(s)
B

Eight
orders of

magnitude
of EWK,

107

|||||||'|'||||||||1'||||||||'|'| T |||-|||'|'| T II{

RN
o

top, and

Higgs
Physics

—

BN

Production Cross Section, ¢ [pb]

—
<

N

B IR IR

—_—
<

103k

—) [ 13 TeV CMS measurement (L < 35.9 fb™")

@ 7 TeV CMS measurement (L <5.0 fb)
@ 8 TeV CMS measurement (L < 19.6 fb™)

- Theory prediction
L. Z. Z CMS 95%CL limits at 7, 8 and 13 TeV

IIIIIIM IIIIIIM LL1l

(o]
»n

.I.I.I.Illllnlujl ETTTT BRI RETSERTTTT EASTRTITT MACETT,

i

] N
=
[ SN
[N

=2l

I I I I I I I IEw TEw Ivy=1Ew Ew TEW !
Wz Wy Zy WW WZ - 2Z 00w qqz WW WyjissWW Zyji
EW: Wolv, Z-ll, I=e,n

All results at: http://cern.ch/go/pNj7
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= Deeper into the rabbit hole

\
N,

Pb-Pb Pb-Pb p-Pb
p-Pb!

2010 201 2012 2013 2014

J[Fm[A[M3[3]A]s[opv]of 3[F[M[AMII[aA[S[O[N[Df I[FM]AM] 3] 3 |AE|O[N[D] | F[M[A[M] 3 3 [A[s[O]N[D] 3 [FIM[AIM] 2] J[A]S[O[N]D]

. TTELT
Run 1 | LS1
l errn
p-p & ?
Pb.Pb p-Pb Pb-Pb Pb-Pb PP <= Pb-Pb
| |
2017 2018 2019 2020 2021 2022 l 2023

|

|D J|F|M[A]

| EYETS LS2
EE%E?EQ;%NQI stop Run 2 Pb-Pb p-Pb Pb-Pb Ru n 3

Ions

>

FIM[A|M|J|J]|A|S|O|N

2024 2025 2026 2027 2028 2029 2030 2031 2032
JFMAMJJASONDJFMAMJJASONDJFMAMJJASONDJFMAMJJASO‘DJFMAMJJASOMDJFMAMJJASON J|FIM[AIM[]|J|A|S[O|N(D} I [F|M[AIM[]|]|A|S|O|N|D}I|F[M|A[M|][I|A[S|O[N|D|
LS3 LS4
2033 2034 2035 2036 2037 Run 4 Run 5

J[FIM[AJM3[3JA[S[O]N[Of 3 [FM[ATM[3[3]A[S)

o
Z
o
o
=
=
>
=
[
[
>
[
[e]
Z
lv]
=
-
=
>
=
o
o
bl
[
o
=
L=}
(.
=
=
>
2
=
>
[
[]
Z
=]

LS5

L[]

Run 6
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Deeper into the rabbit hole

Pb-Pb  Pb-Pb p-Pb

2010 l

'~|.A. MIOTaTA u“;J[‘ NG

Run 1

p-p & ’
p-Pb Pb-Pb Pb-Pb P-p < Pb-Pb

Pb-Pb
2015 2016 2017 2018 l 2019 2020 2021 l 2022 l
J[FIM[ATM[J]3TA]S[O[W{D] ITFIM[A]M] A[S[O[N[D] 3 [F[M[AIM[I]3]A[S | J[FIM[AIM] ] TATS[OIN]D| 3 [FM[A[M] 3] 3TA]S[O]N[Of STF[M[AM[ I [ TATS[O[WiD] 3 [F[M[A[M] I] 3TA[S[O]N
l
LS2
[IT1] [T1T1

Run 3

Shutdown/Technical stop R 2
\llwv;‘r\‘ i t un
nissioning

Protons
2024 2025 2026 2027 l 2028 2029 l 2030 2031 2032
JIFIMIA[M]| | |A|S|OINIDY I |FIM]AIM| ]| J|A|S|O|N|D| M M[J|J]|A|S|OINID FIM|AIM ) S|C D F(M M|I[J]A V[WF‘-'\WW"<CL JIFIMIAIM| | |A|S|OINID] I |F[M|AIM| I | J|A|S|OIN|D} I |FIM[AIM]| ]| J|A|S|OIN|D)
@ O @ |
LS3 LS4
[T1T1 [T = O
Run 5
1[FIM

Run 6
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The obvious paths

are closing up...

e
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The obvious paths
are closing up...

B

...but Standard Theory
is clearly incomplete.

e WY AN
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The obvious paths
are closing up...

e

...but Standard Theory
is clearly incomplete.
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The obvious paths
are closing up...

...but Standard Theory

is clearly incomplete. .
L Aem—

|
|
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@ Summary .
2 |
H u‘
e | :) f
The obvious paths I ’ . & T :, Il '
are closing up... k. 1 '
...but Standard Th"eory — ' : ; e
is clearly incomplete. :
| 1
| /W ,
» c‘

L
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The beautiful boring Universe today

m [ arXiv:1303.5062 ][ JHEP 08 (2016) 045 |

0 Up above:
(Simple) 6-parameter

ANCDM.

CE/RW
\

1 Down below:

(Not-as-simple) ~20-parameter Standard
Model of Particle Physics.

10 : .
{  Planck ATLAS and CMS —e— Observed t1o
{’X I WMAPY LHC Run 1 B Th. uncert.
H * { ACT ._ : + : H_
; Ve Y . SPT Y ! i ! ! :
10 Sae A 5 ‘
ZZ 1 1 .
< %‘ﬁi . ! : : :
= = w| o A= - -
Q '%-5% : : ! : - .
\I 3 ’W —— e —— | R —
102 L f""i‘ : I : : ' | i
D\c . « 1 1 1
& bb + o +
(X2 1 1 1
? -05 0 05 1 15 -05 0 05 1 15 4 2 0 2 4 6 8 4202 46 8 4202 4 6 8
2 100 500 1000 1500 2000 2500 3000 ogF VBF WH ZH ttH
/ 6 - B norm. to SM prediction

Looking forward to surprises at higher energy: PeV

nevtrinos, more data at LHC 13 TeV, ...
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& “ ..and references therein.”

N/,

I I —
0 Experiments’ pages on Higgs results:
0 ATLAS: http://cern.ch/go/7IDT
00 CMS: http://cern.ch/go/6gmZ
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The good, the bad, and the ugly
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The good, the bad, and the ugly

New poles
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The good, the bad, and the ugly

Old poles New poles
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The good, the bad, and the ugly

149

Old poles New poles Tails
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The good, the bad, and the ugly

150

Old poles New poles

Precision measurements Searches
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The good, the bad, and the ugly

151

Old poles New poles

Precision measurements Searches
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The good, the bad, and the ugly

152

Old poles New poles

Precision measurements Searches
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The good, the bad, and the ugly

153

Old poles Tails

Precision measurements Searches
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= Deviations
a4y
7 Not hard to look for:
o0 Kappa-framework (“old” 125 GeV pole).
0 Effective Lagrangian for tails (e.g. m,,).

o <insert here your favorite parametrization of obs.>
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Deviations
s
7 Not hard to look for:
0 Kappa-framework (“old” 125 GeV pole).

0 Effective Lagrangian for tails (e.g. m,,).

o <insert here your favorite parametrization of obs.>

- Hopefully not hard to find with #MoarData.
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Deviations
se y
7 Not hard to look for:
0 Kappa-framework (“old” 125 GeV pole).

0 Effective Lagrangian for tails (e.g. m,,).

0 <insert here your favorite parametrization of obs.>
7 Hopefully not hard to find with #MoarData.

1 And don’t tell me that Yo no creo in desviaciones,
pero que las hay, las hay.”
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= Deviations

L2
7 Not hard to look for:
0 Kappa-framework (“old” 125 GeV pole).
0 Effective Lagrangian for tails (e.g. m,,).

0 <insert here your favorite parametrization of obs.>
7 Hopefully not hard to find with #MoarData.

1 And don’t tell me that Yo no creo inf:/[-5 /- (a1s) ;-5
pero que las hay, las hay.” VA

measvure and

interpret them.
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Deviations are on a diet
5 [ Leizoneaszl T

11 Even more precision needed !

2
Ghbb Jhrr 1 TeV)
— . = ~14+1.7% (
9hff Vv 1 TeV)2
: : . — . ~ ~ 1—3% (
o0 Composite Higgs: Sotl - By o\ 7
1 TeV? 1 TeV >
0 Top partners: 2% ~ 14 29% ( - ) . I g 08% ( eV)
Ghsmgg mr Ghsmyy mr
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C E/RW
\

N/,

m [ arXiv:1306.6352 ]

o 1 TeV?
O Ghbb _ gh ~141.7% ( )
ghSMbb ghSMT’r ma

1 TeV?
nif . Gwvv 1_3%( eV)

O Ghsmff B GhgmVV f
1 TeV)? 1 TeV)?
O _Shgg 1+2.9%( ev) , M21—0.8%< ev)
Jhsmag mr Ghsmyy mr
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a Take 1: descriptive

m [ arXiv:1306.6352 ]

- 1 TeV?
Ghbb _ gh ~14 1.7%( S )
Ghgybb Ghsmrr ma

S

1 TeV)?
Iif o GV sy ( )
Ghsmff GhsmVV f

2 2
1 TeV
Fhag 1+2.9%(1Tev> , MZI—O.S%( ° )

Jhsmag mr Ghsmyy mr
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CERN

Take 1: descriptive

\
N,

m [ arXiv:1306.6352 ]

Theory
paramerfters

Gnbo  __Ghrr :1+1.7%(
Ghsrbb GhsmTT M A

Gnit . GV 1_3%(
Ihsmff GhsmVV

2
Gheg 1+2,g%(1ﬁv) , g"ig—o.s%(

Ihsmgg @
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Take 1: descriptive

Z

m [ arXiv:1306.6352 ]

Experimental
measurements
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Take 1: descriptive

[ arXiv:1306.6352 ]

CERN

\
N/,

Stuff in
between

- 1 TeV?
Ghbb _ 9h ~14 ( € )
ghSMbb ghSMTT ma

gnff o Ghvv

Ghsmff B GhgmVV

2 2
Ihes 1 4L2.90% (1 TeV) , Iy g (1 TeV)
Ghsmgg mr Jhsmyy mr

q

O\
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[ J
Naively
I I

c{RW
\

Ghbb _ Ghrr 21+1'7%(
Ghgbb GhgmTT

Grif o _Gnvv ~ 1_3%(
Ghsmff GhsmVV

2
Gheg 1+2,g%(u~ev) , M:l-O.S%(

9hsmgg @ Ghsmyy
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Naively

[ arXiv:1306.6352 ]

(ﬁfE/RW
\
N,

measure 2 -2-m(g
Ghsmbb GhsmrT ma

gnsf

I ~ ghvv ~ 1_3%(
ese! ...~

2
Gheg 1+2,9%(14EV) , Mg—o.s%(

Ihsmgg w
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Naively

[ arXiv:1306.6352 ]
ghSMbb ghSMTT

9hsf ~ _9nvv
Ghsmff GhgmVV

@
N @)
, hsmryy W

CERN
\
N,

12
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= Take 2: actionable

[ arXiv:1306.6352 ]

- 1 TeV?
Grob __ _9h :1+1.7%( © )
Ghgybb Ghsmrr ma

S

1 TeV)?
it GV sy ( )
Ghsmff GhsmVV f

2 2
Fhag 1+2.9%(1Tev> o I :1—0.8%(1%\/)

Jhsmag mr Ghsmyy mr
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Take 2: actionable

[ arXiv:1306.6352 ]

What we
want to learn (
® gi:iib - gf:;r AN
something

9nfs o Gy 1_3%(

a b o u Ihsmff GhsmVV

2
Gheg 1+2,g%(1ﬁv) , g"ig—o.s%(

hsmag @
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Take 2: actionable

sl

m [ arXiv:1306.6352 ]

What can
surely be
measured
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Take 2: actionable

[ arXiv:1306.6352 ]
needs to be =-2-
ghSMbb ghSMTT

gnff . Grvv

calculated =7 = -
1 TeV)2 gy 4 (1 TeV)2
mr , Ghswry mr

(fE/RW
\

N/,

Ghgg

Ghsmag
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= Between a rock and a hard place

[ arXiv:1306.6352 ]

s _ Gnrr 4 + ( 1 TeV) 2
Ghgybb Ghsmrr ma
Gnis . Gwv 1@1 Tev)2
Ghsmff JhsmVV f
2 2
1T
Jhsmag mr Ghsmyy mr
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= Between a rock and a hard place
[ arXiv:1306.6352 ]

Same theory, but
change caleulation:
e Better accuracy :
Ghbb o Ghrr ~ 1 TeV
(LOSNLOS..,)  awe o= @(50)
°  F assumptions, :
o Guif o Grvv o 1/ . 1 TeV
© * @]H@@[ﬁ’ﬂﬁ'hmo Ghsuff  Ghsuvv 1@ f )

2 2
Gheo 1+@(1Tev> | Mgl_@<lTeV)
Ghsmag mr Ghsmyy mr
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Between a rock and a hard place
[ arXiv:1306.6352 |

Same theory,

change

calculation: o _ gy (R (LTVY
Numerical

Ghsmbb GhgmTT
st o _9wvv 1@1 TeV)2
values change... s = o 7
000

1 TeV\? 1 TeV\ 2
hee 1+2.9%( © ) , Mz1—0.8%( eV)
Ghsnmgg mr Ghsmyy mr

12
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=

Director’s take

[ arXiv:1306.6352 ]

these — evolving_function(these
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<;:E/RW
\
N,

Director’s take in English

[ arXiv:1306.6352 ]

Experimentalists
measure these,
theorists calculate and
improve fhese as many
fimes as needed,
together we learn more
and better about these.
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my combination

enjoying.higgs@cern.ch  GRC Particle Physics 2017



CERN
\
N

[ arXiv:1503.07589 |

ATLAS and CMS —e— Total " |Stat. 1 Syst.

= Combined LHC mass measurement

LHC Run 1 Total  Stat. Syst.
ATLAS H—yy —— 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 I i 124.51+ 0.52 ( £ 0.52 + 0.04) GeV
CMS H—ZZ —4l 125.59 £ 0.45 (£ 0.42 £ 0.17) GeV

ATLAS+CMS 7y 125.07 £ 0.29 ( + 0.25 + 0.14) GeV

ATLAS+CMS 4 125.15 + 0.40 ( + 0.37 + 0.15) GeV

ATLAS+CMS yy+4l 125.09 + 0.24 ( + 0.21 + 0.11) GeV

23 ERY 125 126 127 o8 T29
m,, [GeV]
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CERN
\
N,

= Combined LHC mass measurement

178 [ arXiv:1503.07589 ]

m?7—my| [GeV]

2
15
1
0.5
0
~0.5

1
1.5

-2

—2

_IIII|IIII|IIII|IIII’IIII|IIII|IIII|IIII

>
=
>
(0]
Q
>
o
)
&

LHC Run 1

/4

X Best fit

— 68% CL
-===95% CL

A
~

III|IIII|IIII|IIII|IIII|IIII|IIII|III

-15 -1 05 0 0.5 1 1.5

2

mATLAS_ szS [GeV]

H
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Combined LHC mass measurement
[ arXiv:1503.07589 |

ATLAS H—yy

Compatibility

ATLAS H—ZZ -4l

CMS H—ZZ—4l

A number of different models to check
compatibility of the result ... ATHASHClS 11 T

ATLAS+CMS 4l I—=s+—  ATLAS and CMS

ATLAS+CMS yy+41 == LHCIRUH

3u+4m ...1.%‘.‘ ....... s 1.2|‘.s ....... 1.5_., ....... 5
Four masses m,, [GeV]

6u+4m
Both

Least assumptions
made

Chi? p-values

[ Educated guess ]

Six signal modifiers
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& Combined LHC mass measurement
m [ arXiv:1503.07589 ]

° olle ATLAS H—yy R M o= A |-l-| "}';t;]”
Compatibility o | v
ATLAS H—ZZ -4l —— 1 Syst
A number of different models to check e SR Sena_—
compatibility of the result ... ATLASHCUS 17 =
ATLAS+CMS 4/ —e+— ATLAS and CMS
3u+4m aascusrea | fmd OR
Bl e Four masses o e

with 4 masses

mmmsTE———)

" The actual compatibility between the
combined value and the 4 measurements

\ What we “see” when looking
at the 4 measurements in the
plot.

Gt

Six signal modifiers

[ Educated guess ]

Results compatible within 20!
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@ Combined LHC mass measurement

Ny — 125.09 = 0.21 (stat)

+0.11 (scale)
dominates sverell +0.02 (other)
o +0.01 (theory)
oncertainty | GeV
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N/,

[ PRL 114 (2015) 191803 ][ http://physics.aps.org/articles/v8 /45 ]

0 First ATLAS+CMS l '
publication.

o 0.2% precision.

0 PRL Viewpoint by Chris
Quigg: “With LHC Run 2
[we] can look forward to a
new round of exploration,
searches for new phenomena,
and refined measurements.
Combined analyses [...], such
as the measurement of the
Higgs boson mass discussed
here, will help make the most
of the data. We still have 80.25 1 |
much to learn about the Higgs “60 170 180 190
boson, the electroweak
theory, and beyond.”

80.45 - -

80.35 -

Top quark mass (GeV)

W boson mass (GeV)
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N/,

[ PRL 114 (2015) 191803 ][ http://physics.aps.org/articles/v8 /45 ]

0 First ATLAS+CMS l '
publication.

o 0.2% precision. 80.45 .

0 PRL Viewpoint by Chris
Quigg: “With LHC Run 2
[we] can look forward to a
new round of exploration,
searches for new phenomena,
and refined measurements.
Combined analyses [...], such
as the measurement of the
Higgs boson mass discussed
here, will help make the most
of the data. We still have 80.25 1 |
much to learn about the Higgs 160 170 180 190
boson, the electroweak
theory, and beyond.”

80.35 -

W boson mass (GeV)

Top quark mass (GeV)
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nature.com Login : Register

nature
For the record -

Physics paper sets record with

m I morre than 5,000 authors

Detector teams at the Large Hadron Collider

D ~ 5 ki IO q U'l'h o rs. collaborated for a more precise estimate of the size of
the Higgs boson.
0 Found that there are two: Pavide Castelvechi

15 May 2015

o Archana Sharma

(both in CMS)
o Andrea Bocci
o Muhammad Ahmad

o F M. Giorgi
(one in CMS, one in ATLAS)

CERN

Thousands of scientists and engineers have worked on the
Large Hadron Collider at CERN.

A physics paper with 5,154 authors has — as far as anyone
knows — broken the record for the largest number of
contributors to a single research article.

enjoying.higgs@cern.ch  GRC Particle Physics 2017



n Pseudo-observables
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@ The need for the middle way

0 EFT is all-encompassing, calculable, and evolving.

But too costly to redo all analyses if /when higher order
calculations become available.

0 Fiducial cross-section could be produced differentially
for many quantities.

But no physical interpretation of every single bin by itself.

0 The middle way: pseudo-observables (PO).

LEP-inspired scheme where theory and experiment intersect
at clearly-defined points.
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CERN
\
N/,

With some LEP inspiration

(K:74

Theory

coefficients

Pseudo-
observables

PDF, radiative corrections,
etc.

Experimental

, Fiducial
EXP unfolding measurements

Resolution, etc.

measurements
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With some LEP inspiration

Pseudo-
observables
Discussion on TH-EXP

information exchange.

- UnfOIding
measurements
- /
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With some LEP inspiration

Theory
coefficients

Discussion on EFT.

Pseudo-
observables
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Discussion on extending

Pseudo-
observables

the kappa framework.
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From kappas that fit little stuff...

enjoying.higgs@cern.ch  GRC Particle Physics 2017



enjoying.higgs@cern.ch  GRC Particle Physics 2017



Kappas might have been our first POs

0 Kappas must be extended to:
o Differential quantities.
0 Remove some assumptions.

1 Cover smooth deviations from the SM.

0 With better /more POs, kappas may remain as part
of the PO framework:

POs Experiment

POs closer to TH POs closer to EXP | Fid. Xsec.
(--) (kappas) Asymmetry
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Inspiration for building PO
I

0 If we assume that:
Next SM ~ | dim-4 + dim-6 + dim-8 + ... |2

11 Then POs can be motivated to parametrize:
6(PO,) ~ (Data — d42) = d4xd6 + d62 + d4xd8 +

/POs A
""""""" N TTTTTTTT T T T TN
:l POs closerto TH ' POs closer to EXP |
: (...) 1 (kappas) I
\_ < 4 \. _/
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Inspiration for building PO
55

———

01 Many practical issues to be /

Vector boson fusjén
solved.

1 Many conceptual issues to be
tackled.

1 Many discussions to be held.

— ‘ecay to 4f

[POS :
. :’ POs closer to TH ::I POs closer to EXP ||
| (... 1 (kappas)
. y S m - mmmmmmmmm e m /Mmoo > \- -
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= Ihe middle way in action

N e e o e o  — — L

observables
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The middle way in action

Theorists refine calculations and

Pseudo-
=
observables
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The middle way in action

4
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Pseudo-
=
observables

If SM predictions improve,
experiments may redo PO.




n Nobel expectations

Do not open unless you take bets.
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Let’s go back a few years

m [ http://Ihc2008.web.cern.ch/LHC2008 /nobel /index.html ]

(E/RW
\

N/,

CERN home > LHC 2008 > Nobel Expectations

@‘ Nobel expectations for new physics at the LHC

- What do leading figures in particle physics expect from the LHC?
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2008 Nobel expectations for the LHC

m [ http://Ihc2008.web.cern.ch/LHC2008 /nobel /index.html ]

David Gross: "a super world"

[ expect new discoveries that will give us clues about the
unification of the forces, and maybe solve some of the many
mysteries that the Standard Model (SM) leaves open.

I personally expect supersymmetry to be
discovered at the LHC; and that enormous discovery, if

it happens, will open up a new world — a super world.
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[

2008 Nobel expectations for the LHC

George Smoot: "the nature of dark matter”

[ am looking forward to hearing about the Higgs, because
I'd like to see the Standard Model completed and
understood. I'm also hoping that the LHC will begin to
unveil extra dimensions, and that will have huge
applications across the board.

But what I am really looking forward to 1s
supersymmetry or something that shows what
dark matter is made of, so I have really high hopes,
perhaps too high hopes.
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2008 Nobel expectations for the LHC

m [ http://Ihc2008.web.cern.ch/LHC2008 /nobel /index.html ]

Martinus Veltman: "the unexpected”

What I expect from the LHC? That’s a big problem.

What I would like to see 1s the unexpected. If it gives
me what the Standard Model predicted flat out — the Higgs
with a low mass — that would be dull. I would like

something more exciting than that.
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2008 Nobel expectations for the LHC

[ http://lhc2008.web.cern.ch/LHC2008 /nobel /index.html ]

N/,

Gerardus ’t Hooft: "a Higgs, or more”

The first thing we expect — we hope to see — is the Higgs. I am practically
certain that the Higgs exists. My friends here say it is almost certain that if it
exists, the LHC will find it.

So we’re all prepared and we're very curious because there’s little known
about the Higgs except some interaction signs.

There could be more than one Higgs, several Higgs, and there could
be a composite Higgs, but most of us think it should be an elementary

particle. ..

My real dream is that the Higgs comes up with a set of particles that nobody
has yet predicted and doesn’t look in any way like the particles that all of us
expect today. That would be the nicest of all possibilities. We would then really
have work to do to figure out how to interpret those results.

See also arXiv:1609.01725
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@ 2008 Nobel expectations for the LHC

205 |
Carlo Rubbia: "Nature will tell”

[ think Nature is smarter than physicists. We should have the
courage to say: "Let Nature tell us what is going on.

Our experience of the past has demonstrated that in the world
of the infinitely small, it is extremely silly to make predictions as
to where the next physics discovery will come from and what it

will be.

In a variety of ways, this world will always surprise us all. The
next breakthrough might come from beta decay, or
from underground experiments, or from accelerators.

We have to leave all this spectrum of possibilities open and just
enjoy this extremely fascinating science.
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@ The LEP era — lower limit
“os

“I am very sorry, I said, your interpretation may well be right,
but the evidence is not conclusive. This is not a golden event
with neutrinos, because of the lack of missing
momentum. It would be different if you could increase
LEP energy by say 30 GeV. In that case you would
produce the Higgs and the Z0 with some momentum
and neutrinos could be identified by missing
momentum in addition to missing energy. In the present
conditions, neutrinos can be identified only statistically, but in
one year of running you will not be able to go from a suggestion
to discovery. The significance of the event as Higgs production
was slightly below 30, but to go 50, the discovery limit, would
require running for four to five years, or something like that.”

Luciano Mailani
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