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Deep Thought fiaIIy spoke : “The answer to
the great question ... of Life, the Universe, and

Everything ... IS... jg

So what is the question ?




the same thing happened
In physics In 2012



It started with a question

1964: How do particles get mass ?
Is there a physical Higgs boson ?




50 years later, we could
answer this question



1200 superconducting
dipoles
8-T field, 15-m long
11-KAmp current

- Delivering proton-proton collisions
« 2010-2011: 7 TeV
e 2012 : 3 TeV
¢ 2015-2017 : 13 TeV




Higgs production — SM theory

arXiv:1610.07922
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https://arxiv.org/abs/1610.07922

Higgs decay

Higgs decays at m«=125GeV

........

6% . .
e Studying Higgs decays
i o requires
’—3% Identifying :
\ - Electrons }P N
Other recision
- Muons
% Photons needec
(YY;s --) Taus
Jets
b-jets

Missing Energy from v’s

Precision Higgs boson mass measured from tiny fraction of Higgs decays :
H—=/77 (3%) = eeee, eecuy, puup  (0.01%)
H—=vy (0.2%)



CMS
&
ATLAS

Multipurpose
detectors designed for
Higgs boson study
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. e Forward hadron
: calorimeter

Crystal calorimeter

Superconducting
L solenoid magnet

/"\-\Qhe of the 15
detector sections

Hadron Muon
calorimeter chambers
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Tracking
Muons
Electrons
Photons

Jets
MET

Coverage

Barrel

v ey Sttt AT 1l A
[ Mypn Station 4 (NIB 4)

~90% solid angle

~99%

- WVIB3 —_598m

o, /M
bb 10%
TT 10-20%
WW 16%
YN/ 1-2%
YV 1-2%




Oh great LHC, what is the answer to how particles get
mass, and if there is a Higgs boson ?

The answer is .
IS ...




Higgs boson discovery 2012

ATLAS Higgs observation CMS Observation

2 papers from CMS & ATLAS now with 15000 total citations

H—=yy H—>// Clear observation :
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OM/M ~ 0.5%

1: ATLAS H—=WW also plays important role in constraining signal yield
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https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1016/j.physletb.2012.08.020

We checked quite
carefully and we are quite
certain the answer 1s 125



Run 1 combination

PRL 114 (2015) 191803

- Higgs mass CMS+ATLAS end of Run 1
5fb 1@7Tev & 20ﬂo 1@8 eV

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 ( £ 0.31x 0.15) GeV
ATLAS H—ZZ—4i 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 yy ——— 125.07 £ 0.29 ( = 0.25 = 0.14) GeV
ATLAS+CMS 4] I 125.15 £ 0.40 ( =+ 0.37 £ 0.15) GeV

123 124 125 126 127 128 129
m,, [GeV]

oM/M ~ 0.2%

Measurement limited by statistics )


https://doi.org/10.1103/PhysRevLett.114.191803

Advances In computation

Time to process data to discover Higgs boson

1960 ’ 13 billion years
1970 ’ 70 million years

1985 ) 3 million years

1995 J 10’000 years

2005 J | 35years

Today I 1 year

1 100 10000 1000000 100000000 1E+10  Years

Douglass Adams wrote “Hitchhiker’s Guide to the Galaxy” in 1978

Indeed, with 1978 computers:
It would take about 7.5 million years to discover the Higgs boson
= same amount of time as Deep Thought!



But why is the answer
125 ?

- Should be much larger unless there is new
physics

—\_‘ — — -

()
w

5 5 g . 5 e s
My = M, .1 (‘F‘Uﬁ (w/o SUSY)

/"

M2 = M2, (1A ("—1'({_-—_-,111(-\],,//-\1”-)) (with SUSY)

What is the question ?
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Its always the same old story

e Hitchhikers
Guide to the
Galaxy

e Build a super powerful
computer

e Ask it the answer to the
universe

e |t calculates for over 7
million years

e The answer Is 42

e Build another machine to
calculate the question

e Particle physics

Build a huge experiment
and a giant distributed
computing system

Ask It how mass arises in
the universe

It calculates in 1 year what
used to take 7 millions years

The answer is 125

Build another machine (or
upgrade to HL-LHC) to
calculate why the answer is
125



Clearly, we need more
measurements to help
answer this
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Higgs boson width

SM Th= 4 MeV Far below experimental resolution ~ 1-2 GeV

Phys.Iett.B 736 (2014) 64-85

- MeV-level measurement of Higgs width
possible using off-shell Higgs production

2 2
on—shell g ggH 8HZZ CMS 19.7 o (8 TeV) + 5.1 fb” (7 TeV)
o] SH7Z7* ™ S i B B B B B
88 ln[-{r}-{ — jo ¢ Data N
) , [ B All contributions (', = 10xIf", u = 1)
C  [og+W —-2Z(r, =T3" u=1) .
off—shell gEgHg‘-HZZ :>j g Ml qg—~2zz _
OggsH7ZZ* ™ ; - Bz ]
gg—H— Im 2 i X MELA D, > 0.65
6l |
Therefore, ['H ~ 2mnu (Toff / Oon) i T
4 B I JLE _
2 e | 1 | RN
Measured Ny < 22 MeV @ 95% CL RN T
ol S N (L
(Indirect, assumes no new physics) 300 400 500 600 700 800

m,, (GeV)
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http://dx.doi.org/10.1016/j.physletb.2014.06.077

Other highlights from Run 1
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https://arxiv.org/ct?url=http%3A%2F%2Fdx.doi.org%2F10%252E1103%2FPhysRevD%252E92%252E012006&v=c4fc8c35
http://dx.doi.org/10.1103/PhysRevD.89.092007

Production & decay ......

p is ratio to SM expectation

to SM expectation

ATLAS and CMS & ATLAS+CMS
LHC Run 1 -+ ATLAS ATLAS and CMS -&- ATLAS+CMS
-+ CMS LHC Run 1 - ATLAS
B g — +10 Observed — CMS
U ——— — +20 — .
ggF __:E._+_ . : -_—+10
— E : ! e — 20
5 : ———
———— 1 :
VBF s B : E
- i : ————
" —— | o
WH = Slight excess in - . 5
— Run| 1 : g
w ————t——— s
ZH ¥ — : . o
- ' L Slight deficit in
1 —:*—
MttH —— CMS+ i Run 1
. | ATLAS o /
w i w : -
T et
IIII|IIII|IIII|IIIIIIIII|IIII|IIII|IIII|IIII|IIII llllllll:llllIllllilllIIllllllllllllllllllllllll
-1-050 05 1 15 2 25 3 35 4 -1 -05 0 05 1 15 2 25 3 35 4
Parameter value Parameter value
Single global fit, relative — 1.09*0-11 = 1 09+0.07 +0.04 £) +0.03 (it N+0.07 (i o
= 1097910 = 1.0974 7 (stat) Zg4 (€XpY) Zg g3 (thbgd) g g6 (thsig)
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https://arxiv.org/ct?url=http%3A%2F%2Fdx.doi.org%2F10%252E1007%2FJHEP08%25282016%2529045&v=a6dea9fc

Run 2

Move from 8 TeV (2012) — 13 TeV (2015)
Higher Energy : *1.6

2013-2014 : 10,000
superconducting
splices reinforced

50 ns bunches (20 MHz) — 25 ns (40 MHz)
Higher instantaneous luminosity

Mechanism O131ev/ OgTeV
gg—H

WH

VBF H+qq
ttH : ttH gets the most help

22



Why Higgs boson is still interesting

- Higgs boson is manifestation of scalar field filling the
universe

- Field gives mass to (most?) fermions and W/Z bosons

- Scalar field should be sensitive to fluctuations of higher energy
scales

* In fact, if next scale is Planck scale, mass should naturally be 16 orders
of magnitude bigger

- Higgs boson is the only particle that can tell the
difference between copies of particles

- Tau (3rd gen.) and muon (2nd gen.) are heavy copies of electron
- How does Higgs boson know which one is which ?

- How does Higgs boson know what mass to give these
particles ?

23



Goals for Run 2 Higgs program

- Reestablish H—Z2Z, H—vyy, H-WW

- Establish fermionic couplings

- H—bb

- H—=T1T (Nhot yet observed by a single experiment)
- ttH

- More precise Higgs couplings

- Coupling deviations from SM expectations <= new physics

e For a new mass scale of 1 TeV
« Composite Higgs -> Couplings change ~3%
* SUSY (tanB=5) -> H—=bb, H—=tt ~2%
e Jop partners -> ggH ~3%

- Investigate rare decays that could be enhanced by new physics

- Reduce theory uncertainties by measuring in carefully
constructed signal regions ...

- ldentify signal regions more sensitive to new physics

- Differential cross-section measurements

24



Total Integrated Luminosity (b ')
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New 13 TeV data
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Data included from 2010-03-30 11:22 to 2017-08-26 19:07 UTC

Date (UTC)

Delivered Luminosity [pb/0.1]

uoeIqIED £ 10Z [BIUI

60

0.5%

[ T T T T | T T T T | T T T T | T T T T | T T T T | T T T
300
~ ATLAS Online, {s=13 TeV [Ldt=60.7 fbo
250__ 2015: <u>=13.5
- 2016: <u>=24.9
N 2017: <u> = 32.2
200— Total: <u> = 26.4
150
100
50—
0_ e 1
0 10 20 30 40 50
Mean Number of Interactions per Crossing
St T I L L L L B L B AL B BN
© . ATLAS Preliminary .
Q 1.004— s 1 —
o s=13TeV,L=33.91b .
% 1_003:— 2016 data —:
& ool Z—ee peak stable to:
1.001:— _:
- a T 1
- I .
‘ﬂtﬁ@%ﬂaﬂﬂmﬂﬂmﬂﬂuﬂmﬂ ........ 0ot T ® *{} ______ E
o.999f— —f
0_998:....|....|....|....|....|....|....|....|:
5 10 15 20 25 30 35 40 45
w

25



Q C H—yy : :
(514000~ ~ _ ~ All categories 7
g — m,=125.4 GeV, u=1.16 S/(S+B) weighted .
212000 —
= A ¢ Data :
Lﬁ10000 :_ — S+B fit _:
5 CoN, B component .
D 8000 [ ]+1o =
i L _
o)) N +2 O ]
"® 6000 — =
= - .
m - .
+ B —
¢) 2000 — ]
= - o
U) O_I 1 1 1 1 1 1 1 1 11 1 1 1 1 1 | 1 1 1 1 1 1 1 1 | 11 1 1 | 1 1 1 1
s 7 Bcomponent subtracted -
4002— —i
200 =
O s e o S e g, S % Y
200 AR E
100 110 120 130 _ 140 150 160 _ 170 _ 18
m,., (GeV)

* Hovyy

CMS Preliminary

35.9 fb' (13 TeV)

0

20

CMS Preliminary

Precision measurements

CMS HIG-16-040
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http://inspirehep.net/record/1599649

Differential measurements refine what we
can learn

* Measuring Higgs Pt probes perturbative QCD
modeling for the production mechanism

* Measuring Jet multiplicity sensitive to different
relative production modes

* Angular observables (e.q., angle between Higgs
and beam axis) sensitive to spin & charge
conjugation

e Jet rapidity gaps can suppress color flow as in VBF
production
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New this year

Simplified template cross

section framework

- New framework established by LHC Higgs Cross
section working group
- Staged approach to factorize signal into truth-level
regions of phase space

« Combination of all channels without overlap

arxiv:1610.07922

 Measure cross-sections instead of signal strengths, in mutually exclusive
regions of phase space

e (Cross-section measured for specific SM production mode in simple fiducial
volumes

- Goals
 Minimize dependence on theoretical uncertainties (extrapolations)
 Maximize experimental sensitivity
* |solation of possible BSM effects
* Minimize the number of bins without loss of experimental sensitivity

28


https://arxiv.org/abs/1610.07922

Example of simplified template bins

(EW qqH) (H + leptonic V')
Do [vee | [ve | WM [ en | [ oo
Stage O . R (Runi-like) g SWH
ike Run 1 *__ . T
{99 = ZH |

Stage 1 : _ (EWqqH incl. VH — qqH)

BSM
P’ [0, 200]
. ' ‘ Exclusively split using truth-level
information, to derive templates in fiducial
|, regions

(+)

>

High Pt sensitive to BSM

29



Example of simplified template bins

Stage 2 :

Possible binning
since this approach is still

_ (EWgqqgH incl. VH — qqH)

being developed - v [Esm
7 [0,200]

_______________

> 2-jet VBF cuts

...............

~ 7] ; '
py’’[0, 25] Lo 041-jet! Rl s bt

..........

—[ CPeven® CP oad e - pi! [600, 00] |

...............

..........

0 :__ 1 ? 1
S
—>

CP-odd contributions
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H—yy in more detail R
Simplified template cross Differential measurement
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http://cdsweb.cern.ch/record/2273852
http://www.apple.com

Events/2.5 GeV

with c.m.=13 TeV

H—ZZ—4l

Signal reestablished
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Simplified template cross-sections
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http://cdsweb.cern.ch/record/2273849

Events / 4 GeV

H—ZZ—4] in more detalil

CMS arXiv:1706.09936
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https://arxiv.org/abs/1706.09936

Precision production modes

ATLAS- F-2017-047

. ATLAS H—vyy + H»ZZ—4l combined

IIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIII
T T T T T T T T l T T T T T T T T | T T T T | T T T T ggeH (o-let) I%I ATLAS Preliminary

- _ p
9qF }_E_‘ ATLAS Preliminary gg—H (1-jet, p* <60 GeV) o Vs=13TeV, 36.1 fb

_ -1
GraTwme Hoery and Ho-22" 4

i . gg—H m,, =125.09 GeV, ly 1<2.5
: m,, =125.09 GeV, ly, 1<2.5 (1-jet, 60 = p* <120 GeV) |_E_| H Y,
VBF | im T [
1
l |
| |
[
[ ]

’ gg—H
(1-jet, 120 < p’;’ < 200 GeV)

Measurement e gg—H (= 2-jet, p" <200 GeV
or VBF-like)

VH . . .

Stat. uncertainty

0.20.40.60.8 1 1.21.4

99—H (= 1-jet, p! =200 GeV) ® | Ratio normalized to SM

: + gq—Hqq (p’. =200 GeV)
ftH o SM prediction I . T
—a— 9q—Haq (p/, <200 GeV)

Syst. uncertainty D

| Measurement lo]

Stat. uncertainty

-1 0 1 2 3 4 5 g9/qq — HIl/HIv } o
Cross section normalized to SM

. Syst. uncertainty D
]
g9/qq —ttH l B . { SM prediction I
11 1 l L1 1 1 L1 1 | l L1 1 1 l L1 1 | l L1 1 1 l L1 1 | I

-1 0 1 2 3 4 5 6
O, X B, normalized to SM

Effort to combine simplified template regions
between different Higgs decays
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Precision 13 TeV results ...

CMS HIG-16-040

Te H—»yy & H—Z/7

ATLAS-CONF-2017-046

Measurement

15% o/osm H-yy 1.16 701 (stat) 000 (exp) To 00 (theo) 0.99 fg:ﬁ (stat.) fg:gg (exp.) ig:gg (theory)

~20% o/osm H—Z2Z 1.054_"8:%2 (Stat)i'gj(l); (syst) 1.2870-15(stat.) "9 0e (€xp.) o o (th.)

J[EE g a8 125,26 +0.20(stat) + 0.08(sys)

[GeV] best measurement 124.88 £0.37 + 0.05

Mass H—vyy &
H—ZZ [GeV]

124.98 + 0.28

Compare to run 1 CMS+ATLAS combined mass : |{125.09 +0.24

Statistical uncertainties still dominate this page
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http://cdsweb.cern.ch/record/2273852
http://inspirehep.net/record/1599649
http://cdsweb.cern.ch/record/2273849
https://arxiv.org/abs/1706.09936

Searches for BSM

- Tensor structure probed using
effective Langrangian with no
new physics below A =1 TeV

ttH

(95% CL)

SM

B oc:-0.2 o) 15 44
; (85% CL) (0BR)g, = 15475110l
1 1 1 1 | 1 1 1 I 1 1 | 1 l 1 1 1 1 I 1 1
0 5 10 15 20
oBR/(c:BR)

SM

Fit to kHw IS coupling of CP-even
(scalar) BSM interaction with W/Z

lIIITlIl‘lll‘lllllll\Ill

< S
c ok ATLAS Preliminary
AN

30 — Observed -
v [1 7 W+W-”] i H—o ZZ* - 4] ]
Loy = KSM | 28HZZ £ &7 + EBHWW Wy " 13 TeV, 36.1 fb™ ---- SM expected :
N 25 . —
1 " : |
—'Z [KHgggHggGZVGa’”V + tan aKAgggAgngvGa,#v] | KHgg = 1, KSM =1 _
—%/1—\ KHZZZyy ZFY + tan a'KAzzz,,VZ“V] 20 AObserved:chw =298 : A
- Expected: x,,, = 0.0 .
11 - i7— N ]
~2A [KHWWWJ,,W K + tan ak aww W, W ""] }Xo
15 \ ' :
I I I I 1 I I 1 T I I I I I T I I I I I I 1 1 1 0
ATLAS Preliminary & Execteasw B
| H— ZZ* - 4| ®  Observed: Stat + Sys ] [~
13 TeV, 36.1 b .
Stage 0 - |YH| <25 SM Prediction 5 B
ggF s oBR=13192[pb]  (oBR)_ =1.18°9% [pb] 0
- RRA _ 0.16 ) _ 29
VBF | 6BR=0.37%"[pb]  (0'BR)_ =92.823 [fo] . . f n
i | 2.30 deviation from SM is
Vi i o-BR < 0.20 [pb] (6BR) =528 .‘2‘:5 [fo]

'\ largest discrepancy

Due to excess In 2-jet event category
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Events / 0.05

60

I
o

N
o

Decay-side BSM probes

arXiv:1707.00541

- Search for anomalous interactions using matrix-
element approach to study angular distributions

CMS

38.6 b (13 TeV)

¢ Observed
—— Total SM
[ ] VBF+VH SM

I4EI

.......

C1Z2Z/zy*
- | I Z+X

E —— Observed
i —— Observed, 13 TeV )
————— Expected, 13 TeV .7
4;—____
32_95% CL
2
-68% CL
1— ——————
0_1 |

fas is a CP-violation
parameter, the
fractional pseudoscalar
cross section in the H
— ZZ channel

Small forward-
backward
asymmetry
seen in
fCOS(P) in
13 TeV
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http://arxiv.org/abs/1707.00541

Coupling to fermions



J. High Energy Phys. 08 (2016) 045

ttH production

CMS Preliminary 359t (13 TeV)
‘g L e t;'t(Sh'/l é-ct-‘) ' ]
- , post-fi prediction -
L u g’ 180: +Data mWZ [ JNon-prompt -
Run 1 slight excess in ttH O jeof  Em B el 2
- mtw  mWW* @ Total unc. -
Run 2 ™ = 3
ATLAS and CMS -#- ATLAS+CMS 120 g
LHC Run 1 - ATLAS CMS ttH wu channel E =8TeV.L=19.5fb" 100
- CMS 2 i R I DL I C
— E 25._ -.. Data — 80'_ ...............
E _110' QO | . ttH | [~
o > i . ;
W F : —=x20 w - @ #tW ] 60
99 ——— - O N - e = e i D &
- g 20 m wz . 40
. : - g Others ] 20
o - Non Pr :
VBF —h—— 15 -~ tH x5 * p A ,
— : i A o 18 - @mistat. unc. (2] total und
w - 10k ? - % }:25
WH - = ! ] s 1% ——
n ] - Q o8
w . Sf 06766 ee ew en ew en mi pu pu pu
ZH * - ! = % bl bl+ bt- bt+ bl bl+ bt- bt+
— . oF FE B Lt Lol Lirn el o 7
u : o 8 3F E CMS Preliminary 35.9 b (13 TeV)
ttH ¥ - - oF . E my = 125 GeV
: % — ® bi d 1. +0.5
: ' 1= ? — combined u = 5
w ":'.'; - - e —— : -
T T 98 06 04 02 0 02 04 06 08 o)
1050 05 1 15 2 25 3 35 4 BDT output w=1808 ™
Parameter value B
3l
=10 1
Driven by ttH— pp+X -
41
u M 0 9 +2.3 .
(same-sign, g from
............ Lo I e b v b Lavy
H-WW/ZZ, 4 from t) 1050705 1 15 225 ‘I’tH‘” 5
u(
Back to norma3l
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http://dx.doi.org/10.1007/JHEP08(2016)045

Coupling to Taus

- First single-experiment observation of H—tt

(previously, achieved with CMS+ATLAS combo)

arXiv:1708.00373

JHEP 08 (2016) 045

-1
4.90 (expec. 4.70) 35917 (13 Tev) I 3591 (13 TeV)
> 1800 -_I 1 1 | 1 T 1 | 1 T 1 T T T 7T rrrrTr 1 T |__ B
S | CMS 40 ] - CMS
— 1600~ _ -
o | 9 : i il
GC) 1400__—+—0bserved o0k — O'iet
| — H—tt (u=1.09) i i _ +0.89
D 1200F- = 10} E n=0.84 5 89
© C [ wiets i
% 1000__ QCD multijet _] | Boosted a
(@) B Others -10 i u=1.17 T(?4407
[0 - . unc. ] '
= 800: e 0 50 100 150 200 250 300 . VBE
D ook GeV)
@ 600 Ojetty, T (GeV) n=111 055 i
@ - VBF: T, ] B
=" 400} — _
) - r Boosted: 1,7, ut,, €r,, eu 7 Combined
B . 0.27
200F—— . = I u=1.09 15 %6
| L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 : [ 1
0 50 100 150 200 250 300 a
m,, (GeV)
5.90 significance 7/8/13TeV —— T

Best fit u = o/o
SM

Higgs coupling to leptons, directly to fermions, and 3rd generation firmly established
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http://arxiv.org/abs/1708.00373
https://arxiv.org/ct?url=http%3A%2F%2Fdx.doi.org%2F10%252E1007%2FJHEP08%25282016%2529045&v=a6dea9fc

Dominant decay of H—bb

- Tevatron 2 TeV ppbar by 2012

- Tevatron data (2003-2011) 10 fb™

e Evidence for Higgs reported from CDF + DO

* Local significance of 3o at 125 GeV (190
expected)

* Dominated by H—=bb channel

- LHC as of 2016

* CMS & ATLAS each found only ~ 20 significance
e 5fbTof 7TeV 2011
e 20 fb ' of 8 TeV data 2012
« 4fpb'of 13 TeV data 2015

- Why so hard ?
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The search for H—bb

- Differences between Tevatron & LHC

Cross-
sections b

Tevatron LHC factor

gg—H—bb impossible at
both due to QCD bbX
(cross-section is
500 000 000 pb at LHC)

“60

gg—H 300

e 40 150 “4

(w/lepton)

Signal bigger at LHC, but
backgrounds much bigger
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VH—-V+bb

Kinematic fit to get best
Mblb mass for ZH—llbb

similar to technigue developed at CDF

> 2
()
O 18
0
~
P 1.6
=
c
S 14
>
S 12
} -
=
Qo A
| -
<

0.8

0.6

0.4

0.2

T

.;:IIII]IIIIIIIIIIIIIIIIIIlIIIIIIIIIIIIII

ATLAS Simulation
Vs =13 TeV, 36.1 fb™

Powheg MINLO SM ZH — ['bb
2 leptons, 2 jets, 2 b-tags /

pZ= 150 GeV \

Standard Jet Calibration (Std.)

Std. + u-in-jet Correction

Std. + u-in-jet + PtReco Correction

Std. + u-in-jet + Kinematic Likelihood Fit

-o)lo

= O>0

o (o

Std. Std.

- 15.2 GeV
13.2 GeV
== 12,4 GeV
- 8.8GeV

0%

R

g7
A B R B R 1 TR o | o

0 100 120 140 '"“""
m,, [GeV]

oM(bb)/M(bb) improved from
12% to 7% for ZH—llbb

Events / 10 GeV

Data/Pred.

1

-

o

E.n_.'m

00—

80

60

40

20

T T T e T
r -e- Data 1
- ATLAS ) = VH — Vbb (1=1.30)
[ Is=13Tev,36.1fb" un Diboson T
0 lepton, 2 jets, 2 b-tags t
py”_zZDOGeV

F b A
3

mm Single top

mm W+(bb,bc,cc,bl)
mm Z+(bb,bc,cc,bl)
[ Uncertainty

~~~~~ Pre-fit background
w— SM VH — Vbb x 1

' |

|II|I|[II
fi NN ATRTETE ANANEE AT

FTp T T ™ T
+ + .
e L
EE

40 & 80 100 120 140 160 160 200
my, [GeV]

W

N\

arXiv:1708.03299
10.1103/PhysRevl ett, 101.251
> HUMUAARE RARE AR RRAANSAE RS SR By > AMUAAS RARE EARE AR panS A AR
- . —.—
& 100~ ATLAS = VH — Vbb (1=1.30) | 5} ATLAS = VH — Vbb (4=1.30)
=] L s=13Tev,36.11b" = leoson =) is=13Tev,36.1 " I Diboson
; I 1lepton, 2 jets, 2 b-tags o Sing]e top - ; 2 leptons, 2 jets, 2 b-tags : lz);g’:&gfﬁf;:'m)
€  80[ p¥ - 200Gev Multijet - e pY = 200 GeV ++.- Pre-fit background
[ T mm W+(bb,bc,cc,bl) 9 T = SM VH — Vbb x 1
1] Wicl fir]
- W Z+(bb,bc,cc,bl)
60— 1 Uncertainty —]
- =+« Pre-fit background |
= SM VH — Vbb x 1
40
20
- 15 = 515 F 7 N B ESARARRR
: N A SNE= SV EaTE
g T+++ +++++++ Jr 1 ¢ 1p4f _
go,s A | =S go,s—l. [ =

40 60 80 100 120 140 160 180 200
m,, [GeV]

40 60 80 100 120 140 160 180 200
m,, [GeV]

/

Combined, weighted My, after best fit

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

ATLAS Preliminary —_e— Data
Vs =13 TeV, 36.1 b B VH — Vbb (u=1.30)-
Diboson

1+2 lept i
0+1+2 leptons Uncertainty

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

=
.

h t\§%\\ MUMIBUIBUISESEIESESESESS A e

Dijet mass analysis

_[|III|III|III|III|III|III|III|III||_

40 60 80 100 120 140 160 180 200
m,, [GeV]
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http://dx.doi.org/10.1103/PhysRevLett.101.251803
https://arxiv.org/abs/1708.03299

VH — V+bb e
- 2017 brought LHC evidence for H—bb finally

12__ ATLAS Preliminary —e— Data

s é 10° == CMS ¢ Data
- Vs=13TeV, 36.1fb" B VH — Vbb (1=1.30)- I = Preliminary — VH(5E)
10k 0+1+2 leptons Diboson o5 L ts=13Tev, L=35016" [ VHGD) -

Uncertainty

<<= Bkg. uncert.

| 2+3jets, 2 b-tags

Background  xXx¥

S 7
> 3
n i -
' 4 - e | |Background G E
% 8"_ Weighted by Higgs S/B Dijet mass analysis B 10 ;_ .
Q - - : 5
8 oL 1 Both from g .
S | H 1 Aug. 2017 [ -
o - — N
= | :
8 Ll “

| —o— ] 15 IIIIIII
O AN ‘ % e s ~&T P -] L 1 -
: 0 %iﬁ&&&\b\bb§§§§§§§§§\\xxs>>>§§§§\\\ T e R % - I
..(B i ] % 1 : ® e 000000 R0RR0000040000
GC) —2_[ | | | | | | | | | | | | | | | | | | | | | | L1 1 | 1 g :
> 40 60 80 100 120 140 160 180 200 05 38 3% B TE 9 0% 0
L log, (S/B)

m , [GeV]
ATLAS : 3.50 evidence observed CMS: 3.30 evidence observed
(3.0 expected) (2.8 expected)
Run 1+ Run 2 : 3.60 (4.00 exp.) Run 1+ Run 2 : 3.80 (3.80 exp.)
T~ S50 7«


http://cds.cern.ch/record/2278245
http://inspirehep.net/record/1615512

gg—H—bb

- Highest cross-section, highest branching
ratio

- gg —2H—bb : 0 =30 000 pb

- However, highest background
- QCD b prod. : ¢ =500 000 000 pb

- And resolution is 5-10 times larger than for yy & ZZ
- OM(bb)/M(bb) ~ 10%

- Conventional wisdom says impossible to find
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High-PT Higgs

-~ 10°

S Madgraph *+ ggH
% 0 ArXiv:1506.02660 * VBFH
= 1 Powheg + ttH

o

O

©

©

High Pt Higgs
bosons have

i boosted decay
1T+ Jt products

——

——
—

e e

111|11|||||||u|||u|||u|||||||||
0 200 400 600 800 1000 1200 1400 1600 1800

Higgs pT (GeV)
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CMS-PAS-BTV-15-002

ldentifying high P H—=bb ..

arbitrary units
o o
>

o
-
N

0.12

0.1

0.08

0.06

0.04

0.02

1 -08-06-04-02 0 02 04 06 0.8

13 TeV, 2016
:_ CMS —— QCD, single b B
- Simulation —— QCD, gluon splitting to bb
e QCD, light flavor

H(bb)

| AKS jet
P> 300 GeV, 50 <m < 200 GeV

T |'-L -lw -I- ... J--* T 17T I | | T

e e e e Al T R e e e 2 Y

double-b discriminator

Tagging high Pt jets
with two b’s

1

CMS Simulation

E T T T T T T T T | T T T T | T
E B —— SM Higgs, m = 600 GeV

S L i

----- ungroomed jet mass

- W I
(4] B W+Jets, MadGraph+Pythiaé |
-
5 o2HYy ungroomed jet mass _
-

©

0.1

% 50 100 150
/ pruned jet mass
quark-jets, |
gluon-jets boson-jets

Improving Mjj res. with
softdrop algorithm
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https://cds.cern.ch/record/1751454/files/JME-14-001-pas.pdf
http://cds.cern.ch/record/2195743

Search for gg—H—bb ...

- Selection keys on high-P; (potential new physics) region

- Trigger on high-PT ISR jet or high Z(PT)
jets PT > 450 GeV, applying soft-drop mass, double-b tagger

Events / 7 GeV

Data — (Multijet + tf)

8000 ..

7000

6000

5000

4000

3000

2000

1000

35.9 fb (13 TeV)

LA S S L I O B I B S Y [
- /(:;:N’S 45o<p < 1000 GeV ;V
,eunmaﬂ’dobmbmg>o9 -t

Multuet

lleb)
¢ Data

10 (5.8 exp.) H—-bb

II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|—|-

Oz =849 +257/-209 fb
on=74+51/-49 fb

40 60 80 100 120 140 160 180 200

GeV)
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35.9fb" (13 TeV)
IIIIIIIIIIIIIIIIIII']IIIIIIII]I

CMS 450 <p_<1000 GeV
B double-b tag > 0.9

Simulation

Events / 7 GeV

10 ggH (87 %)
- VBF (6%)
[ VH (4%)

I 1 1 Il "—Il Il l- L 1 1 I L 1
40 60 80 100 120 140 160 1 80 200
Mg, (GeV)

Mostly gg—H—bb

Extrapolating ... evidence could be
possible with CMS+ATLAS by end of
Run 3!


https://cds.cern.ch/record/2266164

Coupling to 2nd generation

SM BR(H—pp) = 0.2%

ATLAS analysis searches
for all types of production

modes

« Usingall data: 5tb17 TeV, 20

fo-1 8 TeV, 36 tb-1 13 TeV

e Split events into 8 categories,

BDT to identify pure VBF
category, then combined

0<2.7"SM @ 95% CL

10X more data — 20 significance — with CMS+ATLAS Run 2

Data - fit

Entries / GeV

o (data)

arXiv:1705.04582

Highest-significance

category “VBF tlght”
35;"'l""l ------------------------ [T

~ ATLAS e
30— VBF tight Vs =13 TeV, 36.1 fb" =
~  x2/ndof = 30.7/48 ]
25— E
- —e— Data .
20 - Background model -
- ——— Signal x 20 .
n ¢ :
15 E

-------------------------------------------------

110 115 120 125 130 135 140 145 150 155 160
m,, [GeV]
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Rare decays of the Higgs

Rare Higgs decay 95%CMS

CL limit

< 540
< 10°

Other possibilities :

< b52

ATLAS
95% CL limit

< 6.6

<540

VWWW\ Z

p

AVAVAVAVAVAVES Y

nvew Obtainable with < 1000 fb-!

Probes 2nd generation quark couplings

Probes 1st generation couplings

NEw  Probes u,d,s quarks

V P mode B5M V P* mode BSM
W-rnt 0.6 x 1075 W~ pt 0.8 x 1073
WK™ 0.4 x 107° Z¢ 2.2 x 107°

ZO7° 0.3 x 107° Z°p" 1.2 x107°
WD 2.1 x107° WDt 3.5x107°
W-D* 0.7 x 107° W~-D** 1.2 x 107°

Zn. 1.4x107° Z°J 4 2.2 x 107°

arXiv:1305.0663

Observation in foreseeable future would mean new physics
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Double-Higgs production
Higgs potential with a physical Higgs boson

1 1 M? 1 M2 3M?
V(H) = EM}?}HZ + = > ‘H H? + 2 v;{ H* + constant AHHH = H
Leading diagrams ~ 40 tb 120 000 HH with 3000 fb :
(a) gg double-Higgs fusion: gg —+ HH
pp— y 9 - H R Considered so
b " [o | bbbb 39.951 far by
g o N, g B B DOWW 14,886 CMS+ATLAS
bb2lep (e/mu) 85
) WW/ZZ doublo—Ihg,gb fusion: q¢ - HHqq' I T 4375 I
: Best limit so far
bbZZ 1,827 .
- S CMS with 19*SM
- bb4lep (e/mu) 9 Lsing 36 fo-
bb2lep+X 131 J
- bbgamgam 158 o
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Score card

Channel Result CMS and/or ATLAS

Decay

H—-ZZ Observed
H—-vyy Observed
H-WW Observed
H-oT1T Observed
H—bb Evidence
H—-ppu 95% CL - end of Run 2

Production
gg—H Observed

VBF Observed (in combination)
ttH Close to evidence
VH Evidence

HH
Global properties
Uncertainty on global fit 10%
Mass 0.2%
Spin, parity O++ strongly preferred

end of Run HL-LHC
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Future

As of now
~ 100 fb-1
300 fb-1 3000 fb-1
M 2021-23 2024-2026
13 TeV LHC 14 TeV LHC upgrade 14 TeV
run upgrade run & run

Major upgrades
of CMS & ATLAS
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Goals for Run 2 Higgs program

- Reestablish H—Z2Z, H—vyy, H-WW

- Establish fermionic couplings

- H—bb

- H—=T1T (Nhot yet observed by a single experiment)
- ttH

- More precise Higgs couplings

- Coupling deviations from SM expectations <= new physics

e For a new mass scale of 1 TeV
« Composite Higgs -> Couplings change ~3%
* SUSY (tanB=5) -> H—=bb, H—=tt ~2%
e Jop partners -> ggH ~3%

- Investigate rare decays that could be enhanced by new physics

- Reduce theory uncertainties by measuring in carefully
constructed signal regions ...

- ldentify signal regions more sensitive to new physics

- Differential cross-section measurements

o4



Conclusions

. Reestablish H—’ZZ, H_’YY! H—’WW ZZ, yy observed, WW on its way
- Establish fermionic couplings
- H—bb
- H—=T1T (Nhot yet observed by a single experiment)
- ttH bb evidence from both experiments,

_ ] ] Tt observed, ttH close
- More precise Higgs couplings
- Coupling deviations from SM expectations <= new physics

e For a new mass scale of 1 TeV
« Composite Higgs -> Couplings change ~3%
* SUSY (tanB=5) -> H—=bb, H=tt ~2% Rare channels considered
* Jop partners -> ggH ~3% including (uu, py)

- Investigate rare decays that could be enhanced by new physics

- Reduce theory uncertainties by measuring in carefully
conStrUCted Signal regions EEEm |mp|emented Signal template

. . . ays . cross section method
- ldentify signal regions more sensitive to new physics

- Differential cross-section measurements

Differential ZZ, yy measurements
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Conclusions 2

- We know the answer (125 GeV)

- Now we just need to know the
question ...
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Theory approximations

48.58pb=  16.00pb  (+32.9%) (
+20.84pb  (+42.9%) (
2.05pb  (—4.2%) (
9.56pb  (+19.7%) (NNLO, rEFT)
0.34pb  (+0.7%) (
2.40pb  (+4.9%) (
1.49pb  (+3.1%) (

EW, QCD-EW)
N°LO, rEFT)

+ + 4+ + |

- rEFT : approximation from EFT scaled by R, o which
scales to the exact LO cross-section

- t,b,c mass effects from top, bottom, charm quarks
- 1/m; : heavy top approximation with expansion in 1/
My
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ow do the SM measurements fit together 7

Statu
Standard Model Total Production Cross Section Measurements Juyzoi7  [Ldt

b1 Reference
|||||I'I'I'| |||||I'I'I'| |||||I'I'I'| |||||I'I'II_I_I'I'I'ITI'II_I_I'I'I111'II_\W/I'ITI_ |||||| |||||||||||||||| [ ]
o =96.07 + 0.18 + 0.91 mb (data) -8
pPp COMPETE HPR1R2 (theory) A 50x10 PLB 761 (2016) 158
o =95.35+0.38 + 1.3 mb (data) _8 B
COMPETE HPR1R2 (theory) (o) 8x10 Nucl. Phys. B, 486-548 (2014)
0 =190.1+0.2+6.4nb (data
W DYANLO 2 G 14NRIG (tﬁeory) O 0.081 PLB 759 (2016) 601
o =98.71 + 0.028 = 2.191 nb (data)
DYNNLO + CT14NNLO (theory) (o] 4.6 EPJC 77 (2017) 367
o =58.43+0.03 + 1.66 nb (data)
DYNNLO+CT14 NNLO (theory) O 3.2 JHEP 02 (2017) 117
o = 34.24 +0.03 + 0.92 nb (data)
Z DYNNLO+CT14 NNLO (theory) A 20.2 JHEP 02 (2017) 117
o =29.53 +0.03 +0.77 nb (data)
DYNNLO+CT14 NNLO (theory) (o) 4.6 JHEP 02 (2017) 117
o = 818 + 8 + 35 pb (data)
top++ NNLO+NLL (theory) 0 3.2 PLB 761 (2016) 136
tE o= 2téF2)_+9+iN}\jE £86pP Etdhaetgry A 20.2 EPJC 74: 3109 (2014)
oc=1829+31+64 data) .
top-++ NNLGANNEE gtheory o 4.6 EPJC 74: 3109 (2014)
=275 (ra\lizxghpebo(r%ﬂa) O 392 JHEP 04 (2017) 086
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