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After a very long search, in 2012 particle consistent
Miasse {28 Mal , with Higgs boson discovered at LHC
g 'H by ATLAS and CMS experiments: at ~125 GeV
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Namo—| D soson (free parameter in SM, but once known all

predictions are fixed )
First fundamental Scalar observed:
Related to EW symmetry breaking !
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TeV proton beams at the detector

_ centers at 8 TeV total mteractlon
energy

2010-2012 at 7/8 TeV
LS1

2015-2018 at 13 TeV

with some upgrades
LS2

2020-2024 at 14 TeV
LS3

2025- HL-LHC

Depth underground 100-120m
Perimeter ~27 km

25 nsec bunch crossing

~2700 bunches (or less)

Filled bunches < total

Protons per bunch > 101!

Bunch length ~1-1.2 nsec (40)

Beam crossing angle ~170 urad
at collision, slightly different
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muon tile
detectors calorimeter

liquid argon
calorimeter

44mx25m

transition-

toroid semiconductor “‘d“'l‘('o"
magnets tracker tracker
solenoid pixel
magnets detector

Large general purpose detectors
High resolution tracking, vertexing, calorimetry
Good electron and muon identification

return

29mx15m
silicon tracker

crystal electromagnetic
calorimeter

pre-shower

yoke

superconducting
solenoid

forward
calorimeter

hadron muon
calorimeter chambers

Upgrades for Run2:

New innermost pixel layer (ATLAS, 2015)

Pixel detector replacement (CMS, 2017)

Trigger improvements to cope with ~1GHz pp interacti?n rate
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Month in Year

Up to 60 interactions
per pp event

Peak luminosity
~2 x 1034 cm2s!
(twice the design

luminosity)

Data included from 2018-04-17 10:54 to 2018-10-20 23:12 UTC

Il LHC Delivered: 64.88 b !
[ CMS Recorded: 60.91 b !
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Because so many protons are packed in a single bunch (in order to get very high rate of
they are called multi-parton interaction events.

partonic collisions, when these bunches cross one another, many protons interact. The

What is pile-up ?
following (left) is an event with 37 pile-up from CMS and from ATLAS (right) with 25 pile-up after reconstruction. When
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Mass established, Nobel prize to Englert and Higgs (BEH mechanism, Brout, Englert,
Higgs, Guralnik, Kibble, Hagen)
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vector boson fusion (VBF)
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associated prod. with W/Z

q

q

Increase in production cross-section from 8 to 13 TeV

w,Z
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associated prod. with tt

t

Higgs decay branching ratios (BR)
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BR is only part of the story
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82%

0008%(ep)

Decay into a b-pair has highest BR, but S/B is very
low....but important to measure the coupling to
fermions.

Similar for decays into t-pairs

WW?* (= lv Iv) has a high Branching Ratio (BR)
but with missing neutrinos, so mass resolution is
poor

ZZ* (I*I= I*l7) decay is ideal, although low BR
(discovery channel)

vy BR is very low, but background is very well
modeled, is also ideal (discovery channel)

Discovery channels h-> yy, ZZ* :



Mass of Higgs boson

L B L 7 L L B R B
ATLAS and CMS —— Total Stat. 1 Syst.
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—=25 -4 —ue—q 12451+ 0582 + 0.52 + 0.04) GeV
CMS H—Z22 —41 P 12559 £ 045 (£ 042 £ 0.17) GeV
| AmLasiems ;o — 2507 £029 (£02540.14)GeV
ATLAS+CMS 4l I—]E—I 12515 £ 0.40 ( £ 0.37 + 0.15) GeV
| aTLasicMs ppa H%H """""""" (12500 024 (021 01nGev] |
I I1é:3I = I1.7:‘4I = I‘léﬁl = I1E|FSI — I1..'l.'?I — I1éﬁl — I1E|Ei'I I
m,, [GeV]
~0.2% precision (statistically limited)
_ 0'BR
~ 0-BRsy

Alternatives to spin-parity non 0+ all rejected

~ 10% accuracy In inclusive cross-section measurements
Not quite enough for beyond SM contribution from coupling measurements (10-25%)

Bosonic decays well established, Higgs decays to invisible constrained <25-30%

ATLAS+(MS PRL 114 (2015) 191803

JHEP 08 (2016) 045

| ATLAS and CMS Braliminary :éLLE'“‘S
| LHCRun1 = ATLAS+CMS
o{9g— - —ik
H—ZZ) - Th. uncert.
——ﬂ:.—_..—_
Oy Tgqr T
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Ty O oor .
i E
BR""/BR? -
T 5
BR/BR* =
BR/BRY =
b :
Eﬂh IEHH F:'-“_ | | | |
=1 ad 1 & d 4 ) G

Parameter value norm. to SM prediction



Y weights / GeV

Y weights - fitted bkg

ATLAS + CMS Run-1: mass of higgs boson M, = 125.09 + 0.24 GeV
In Run2 much higher statistics and at higher energy 13 TeV

New mass measurements based on h — yy and h — ZZ* — 4l final states.

1806.00242 1706.09936
CMS 35917 (13 TeV)
:' ‘I'D'até' L L "AIT'L'A'S': % 50:IIII||I|| llll[l+lll:)llllll: %J70;|||||\||‘||||‘||\||\||||||\||\||||\||\||\||||||L
600 ...... Background s = Q) 45:_ ATLAS ata = O] 3 + Data .
C — S!gnal + Background s=13 T?V’ 36.11b ] To) o (s 4 — Fit ] ol N ] H(125) i
500 — Signal In(1+S/B) weighted sum ol 40:_ s=13TeV,36.1fb E — 60— N ]
. 1 & - H->ZZ*— 41 I:l Background §2 - [ ] 992z, Zy* .
- 1 E agF - S ek B 9972, 2y* :
400— c — — L —
E 1 e ¢ S B 2:X :
3001 4 Y 30F E 40: ]
2003— i _f 251 = - i
100F- - 20t E HF E
- e : : 15 E 20F =
20 = 10 3 i .
10 — C . -
o : g - 10}
—10 ) L L N T 0: 11 1 l 1 11 | I I | | L1 1 1 | L1 1 1 3 :
0
Heo T e e e [Ge\}fo o 115 120 125 130 135 70 80 90 100 110 120 130 140 150 160 17
" m,, [GeV] m,, (GeV)
My, = 124.93+ 0.40 GeV M, = 124.79+ 0.37 GeV M, = 125.26+ 0.21 GeV

Combined ATLAS Runl and 2: 124.97 + 0.24 GeV (£ 0.19 stat £ 0.13 syst) mostly from photon energy scale 10



Width measurement : SM width 4 MeV too small to measure directly
HIGG-2017-06

CMS direct measurement I';, < 1.10 GeV @ 95% CL

Can measure from comparison of off-shell to on-shell production cross-section also

o o Off-shell (prod)e off-shell (decay) ;
but 1

s = MZ) +@x %)
Gon o On-shell (prod)e on-shell (decay)/(I",/ T',>M) MR -

gi qf

ATLAS Run2 new <14.4 MeV (15.2 MeV exp)

Events /3 GeV
ra

m,, (GeV)


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-06/

In Run2: establish Fermionic decays, precision measurements,
search for any deviation from SM (with higher statistics)

Higgs decay into b-quark pair

Highest BR ~59% for h = bb ; but hard to observe; production cross-section low

Most massive SM particles produced decay through single or two b-quarks, e.qg.,.

Z - bb, t =2 bW, also simple QCD b-quark production

Extremely difficult to find b-pairs produced from h-decays .
Higgs—strahlung

Select associated production of h with a W or a Z as the primary

decay channel

Z decay Is observed in two oppositely charged leptons

e*e” or u*u- (2-leptons) or vv  (O-lepton) decays

and W decay is observed in e/u + v (1-lepton) decays

q

Leptonic decays allow separation from multi-jet backgrounds 12



2-lepton

O-lepton 1-lepton

b-identification very important, multi-variate analysis (boosted decision
tree), simultaneous fit of signal and backgrounds for constraining
normalization (tt-bar, V + jets with heavy flavor, shapes from MC, multijet
background from data)

13



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

7727 (13 TeV)

: I I I LI} I LI | LI} | LI | LI} | LI | I: m
- ATLAS —e— Data .
18:_ fs=13TeV,79.8f" Il VH, H — bb (u=1 ﬂﬁ} g 108 CMS -w -'u"l-l:hE]
16 0+1+2leptons ¥ Diboson — |.|=J PrE'ffmfnaf}"' Biackground Lincaniainiy
E 2+3 jets, 2 b-tags £ Uncertainty E 10°
14:_ Weightad by Higgs S/B Dijet mass analysis B
125 g 10°
10 = 3
- ] 10
8 _+_ =
6F- 10°
aF 10
ok 1 ol
- =3 -
D; 1wy
2511, 1d 8 .l
20760 B0 100120 140160180200 O 0Stmm—rm—mm—mcrc—e e
(GeV] log, (S/B)

Cross-check based on cut-based ar?z}ﬁ/sis

From Runl + Run2 (~80 fb?)
data

Expected sensitivity
ATLAS 5.10, CMS 4 8¢
Observed

ATLAS 4 .90, CMS 4. 8c

But add other production modes for h-> bb, e.g., VBF (vector boson fusion), and tth (with h-> bb)

tth, h->bb

14



Combining the Vh (bb), VBF h(bb) and tth (bb), both ATLAS and CMS observe h = bb decay

From Runl + Run2 (~80 fb-1) data Expected sensitivity ATLAS 5.4c, CMS 5.6c
Observed ATLAS 5.5c6, CMS 5.6c (compatible with SM within 20%)

=51 ﬂ]-1|{?TE.'1I.Ir:I+519_th'1[ﬂ-TE"h"}-I-::??.Eﬂ]q“BTEJ"'r} LIS B B B I B B B I B |_|| T IJ—l LI B L N N B [N L B B
ATLAS H—bb s=7TeV,B8TeV, and 13 TeV
Observed
CM_S ; =l (Esrt;t & syst) . _ 477 203 0™, and 24.5-79.8 fb™
H—bb =l (syst) Total Stat.
(Tot.) (Stat. Syst )
: stat  syst +1.16  +101 +057
ogF ; 280 =208 = 1.30 R L B O — 168 .0 (oo o051 )
VBF E— 253098 =117
| - - +0.56 028 +048
i ttH 1'UU -0.54 {::}E? : 046 }
ttH -—:- 085 =023=037
i +0.22 +014 +017
WH e 1.24 =029 = 0.24 VH k94 098 57 (Zo1s. 016 )
ZH '—=' 088 =024 =016 FE
i +0.20 012 +016
: Comb. Ko 1'U1 -0.20 {jﬂ'.'IE : 015 }
Combined ll_l 1.04 =014 =014 L1l (AN T T NN T T T N TN N N T T T T NN TN TN T N N W M
||||i||||||||||||||||||||||||||||||||||||||| {:} 1 2 3 -4- 5 ﬁ ?
0 1 2 3 4 s 6 Fi B 9 L
Best it 1808.08238 H-Db

1808.08242
Phys.Lett. B786 (2018) 59-86 15



23%, Thtu

lep-lep, lep-had, had-had Tau-pair
decay combinations

categorize according to production
mechanism: VBF, gg-fusion

use visible energies from t’s and
missing p; to estimate di-tau mass,
then fit mass distribution

Bkg. unc.

main background from Z - t+1—, shape estimated
from simulation with normalization determined through
data in control region (CR) and fake tau’s estimated
with a data driven technique

Tt Var

CMS 35.9fb' (13 TeV)

—4- Observed
B o (e =1.09)

2ot

Bz e
- ti+jets
B Waets

QCD multijet
- Others
|:| Total unc.

= H-tt (1 =1.09)

H N ¥ 1 v H v 1 b T ¥ 1 L
: 300 < m, < 500 GeV : 500 < m, < 800 GeV : m, > 800 GeV

_+. Obs. - bkg.
Bkg. unc.

—  H—11
E'Eg. unc.

I:I Bkg. unc.

#####

ol L
r

mmmmmmmmmmmmmmmmmmmmmmmmmm

Higher m; in VBF leads to higher purity of signal
In gg-fusion, p; of higgs candidate used for boosted h
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VEF [pb]

T

36 fb~1+ Runl

ATIL'IA‘S:'(I:OINIF'IZ(?II%OIZ%I e 1708.00373 35.9 b (13 TeV)
U’E__ —B5% CL __ - 1,E|ﬂ[]__| L I B B ..I..I|.:..||.|..I.|.I..I.|I...|.|I..I..I ™
- --- B&% C.L. - @ C CMS | aof —+—Db- - bk 1
- T % Best i . O 1600 B
D-E__ // R + SM " :c.ﬁ - + - . 30 b ] ]
B U ' i 1400+ Observed 3 -
— | ) h&“‘-mh - E’ [ — e fust.9) - Dﬂhu-u e 1
D"q' [ I'. El - - H""\-\_H ] [eh] 12{}[]__ Z—t1 10 ]
- . . . ] o T Il weiets - .
B \ aﬁ ) ] H"'-. . E 1000 ©cD muttier i 7
0.2 - — D [ ome 1 :
- e . J - 2 BD‘]:_DB““' . 4}”'54:;”1'{15'1'5;:&'505555501:&_:
0 — — @ eoof- T
[ ATLAS Preliminary i w VBF:t1, .
_0of fe=13TeV, 36,110 | | | - a0 -F-Bonsted:rnth, et e
-2 0 2 4 6 8 10 200F -
.r _I | I | | I I | | L1 1 1 | | I I | | | I I | | 11 1 I:

”ﬁ*" [pb] 0 50 100 150 200 250 300
m,, (GeV)

Expected significance : CMS 5.90 , ATLAS 5.4c
Observed significance : CMS 5.9c5, ATLAS 6.4c

ATLAS p=1.09 018 . _(stat) ©927 ,,,(sys) 916 ,,,(Th.sys).; CMS 7&8 TeV data n=0.98 + 0.18
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Similar production mechanism and main background from Z/y* decays into mu-pairs
clean signature, but low BR, based on muon centrality (n), [ptuu], and BDT that enhances
VBF and g-g fusion contribution, p; > 25 GeV

5017 (7 TeV) + 198107 (B TeV) + 35.09 10 (13 TaV)

2 B T e e e = 7 -
£ ATLAS Preiminary ﬂ_al:- - CMS —a— Ohcered
‘3} 7000 = Non-central high p;” f5=13TsV, 7098 R T 8
£ ook indet =37 5148 M angiye = : BEE Expectsd (background, 88% CL, 85% CL)
L = e = -—- Expectsd (SMm =123 GeV)
- —»— Daia = 5 - I
2000 — Bacuground E y
4000 — 4 4 [
- 3 - C
3000 P
= ATLAS-CONF-2018-026 T —
2000 =
1000 -
l]:
: +
g TR TR S HTR. ot
A2 oftth rL-meH (LH { 120 121 122 ., 124 125 128 127 128 129 130
| i ++++++ iy +IHJ+ H_FH A my, [GeV]
4

110 115 120 125 130 135 140 149 ﬁﬂrr:?m:f]m
Expected sensitivity no SM signal (ATLAS 2.0, CMS 2.1)*SM
Observed limit ATLAS (2.1, CMS 2.9)* SM -



%2,
production of Higgs by gluon fusion happens by indirect @;ﬁ’;b’ 8
coupling of t-quark pair with Higgs boson (highest), but ... g
Complicated final states with 0-2 leptons, 2-6 jets, 2 b-jets largest coupling to t-quark
h decays into vy, 4l : clean Yukawa coupling o mass
WW, 11 : no mass peak, need to understand background S I
bb high BF, but very complex with tt and bb background (combinatorics) gk " 7 T T T
what decay modes could be exploited here ? % ‘
o 40
£ P
b = 107% E
------- SM Higgs boson
- ol — M, el it
“, 0L =
b s 10°E, e
b B 15 T
- YR S S . A
q S o05f
| € O T e e
b Particle mass [GeV]

h 2> yy, ZZ* (41) h 2 WW*, 7t

ﬁ ngher‘ oceBF
19



Sum of Weights / 2.5 GeV

CMS 35.9fb" (13 TeV) CMS 35.9 b (13 TeV)

cn = .E T T | L | L | L | L ‘ T ‘ LI
= T T T T T T T T T T T T T T T T T m— - : ¢ Observed |:| Rare + tH m i = t -1
35 ; Data I I ATL Als — GC) 45 mmtiH (i=1.23) Misid. leptons > 10 ?H‘ f:d‘: ts, 23 b tags) i::tfa E :'f::' _
C . A Z > 40 N N | 174 Uncertainty b= Post-fit N - 3
30 Continuum Background Vs =13 TeV, 79.8 fb 1 W = W + TWW ol S Wt [lth2d .
- ---- Total Background m, = 125.09 GeV . 35 i— Wz + 27 M?J»s W =3:25 Elg'f\?let =
25 :_ ——— Signal + Background All categories _: 30 f_ [l Diboson Uncertainty
C In(1+S/B) weighted sum . - N
20 - 25 102 ) -

15 — 10
10§ - ] i
: : ;I Ll | Ll -IJ- - | L1 1 | Ll Ll | Ll
—_ bt I \ - -O EI LI | L | L | LI | UL ‘ UL ‘ L
SE ¢ $¢ 0 4 . 4 + L—E £ asp }

: 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 : é : -;B 1 F" e i Q \*\ Q -; \*‘ RN &Q \;\\k\\\*\\%
110 120 130 140 150 160 g 057 : £ osp =

my’\[ [GeV] Ig-g 05 + + + + + + o ool b b b Lo by

iv: s|&i ~0.5F iscrimi
h - 7y, ZZ* (4/) [arXiv:1806.00425] § i = DNN discriminant
[arXiv:1804.02716] 2 4 6 8 h > bE [arXiv:1804.03682]
; S [Phys. Rev. D 97 (2018) 072016]
h > WW* o7 Discriminant

[arXiv:1803.05485]
Phys.Rev.D.97(2018)072003

Expected ATLAS 3.7, CMS 156 Expected ATLAS 2.80, CMS2.8c  Expected ATLAS 1.66 CMS 2.26
Observed ATLAS 4.1, CMS 1.4 Observed ATLAS 4.16, CMS 3.2c  Observed ATLAS 1.4, CMS 1.6

(CMS: incl. all-hadronic channel)



https://arxiv.org/abs/1806.00425
https://arxiv.org/abs/1804.02716
https://arxiv.org/abs/1803.05485
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072003
http://arxiv.org/abs/1804.03682
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072016

[arXiv.1804.02610] 51" (7 Tev) + 19.7 ™ (8 TeV) + 35.9 o™ (13 TeV)

[arXiv:1806.00425]

Ob: d
CMS * Serve 1 1 1 1 | I I I 1 l I I I I I 1 1 1 1 | 1 1 1 I | I 1
| . — +10 (stat @ syst)
B . | e 415 (SYSH) ATLAS e Total Stat. [ Syst. — SM
ttH(WW*) - —— =20 (stat @ syst) /s=13TeV, 36.1-79.8 b
B} B i Total  Stat. Syst.
ttH(ZZ* o> ; L
ez’ - ttH (bb) |.—I.| 079+ 38 (+ o9& ,+0.53)
ttH f aa
| s tiH (mutilepton) FEe——— 156 0% (= 0%+ 0%)
ttH(t*
o (1) e 139 00 (= 35,2 0%)
ttH(bb LI i
(bb) ' ttH (Z22) e < 1.77 at 68% CL
7+8TeV | = ————— [T e
B ; Combined H=—H 132+ {3 (£0.18,= 23)
: 0.31
13 TeV ! 1‘141_027 oo o e b b
Combined ———— 12 + SM
MR BRI i PRI 6 _ 0'26 T PR R B S Gttl-/(jttH
-1 0 1 2 3 4 5 6 7
M ATLAS used 2017 data for the yy and the four lepton decays mode for tth

V(h—=> WW?*) in preparation

CMS 4.26 , ATLAS 5.1c
CMS 5.2, ATLAS 6.30

Expected significance
Observed significance


https://arxiv.org/abs/1806.00425

CERN-EP-2018-212

Ewvants [ 10 Gel/

Data-Bkg.

Both experiments use gg-fusion and VBF production of higgs; CMS also adds (3+4) leptons from Vh

-1
N el tose CMS 35.9 fb' (13 TeV)
1 ' + Data Uncertaity | H=WW, i =1.2847; ; —e—
18000 ATLAS W, W ! 1.28X5: 19 (stat. ) 1511 (exp. ) I0:59 (th.) ;
16007 H—WW—suuv, M < 12 g:” E ::fn:l 1 . —— Combination
1400} V8= 13 Te¥, 36.1 1o m ] m = L.1% #0,21 :
| i H A1.24 1 B
1200; | - ; :
oonl H-WW, pggr= 1213333 5 oM
800! 1.2175:30(stat. ) 13:12 (exp. ) 1513 (th.) L =029 o L et
500} H~WW, = 0.623337 - -
00l 0.6210:38 (stat. ) 13:1¢ (exp. ) 1513 (th.)
| | +1.88
EI:HII Hou =327 *
(1l , : :
3001 =
200 3 W, =100 4O
nmi'— - E
|:|: m““é GOOd agreemenT wiTh 1 1 i LLE 1 | L1 1 1 I 1 L1l I L1 1 1 I Lt 1 1
0 100 10 W 20 SM expectations o 1 2 3 4 5 6
m, [Gev] G/Ggy,

Main backgrounds from WW, top and Wy production; data driven estimate of fake’ lepton background

Expected significance
Observed significance

: ATLAS H5.1c6 CMS 4. 206
: ATLAS 6.3c6 CMS b.2¢
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Excellent mass resolutions and clean channels with well-understood backgrounds

R cMs BIM' (13 TeV)
% v Ty T Erﬁmﬂ H;-rr T ,T;‘..,.,,., =
0‘3 81m :LI;ZSiri:lmlnary - Sl 5128 ) 5 oo L=1254 GV, ji-1.18 mfmm
Q 8 19 TeV, 790 o' | EAR E”“'“g lgf:;“
o0 O I T Ut w H:I-EW:_ e B al
- w i : COMoon
ol & | F| B oo — :
~Nla | -] gmu. D20 :
1 m - LID :
l-Z‘- [ ,_Iq e {00
O - A awor
o » % S v vvee
g 20 [ g' #00F ' B componért subracted -
< J E
0 |~ . i ‘ | f 1
80 90 100 110120130 140 150 60 170 TRk
m,, [GeV] | m.. (LieV)
H-yy, i = 1.06-%914(80/fb) ﬁ)—;gn p= 10139*0 14(3§C'f)b)
1.0613-98(stat. )*9-98 (exp.) 297 (th.) 1.1813:1% (stat. ) 13:3 (exp. ) 1607 (th.)
+0.
H-ZZ+«=4l, p = 1.19%%1%(80/fb) H—*ZZ*—»:H%# = 1.0513:17(36/1b)
+0. +0.
1.19+9-12 (stat. )+ggg(exp )1098(th.) 1.051513 (stat. ) I5:35 (syst.)

Very good agreement with SM expectations
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LINNE B B B B B B N T
100 ATLAS Preliminary — Gy M, =125.09 GaV _
[ A H—yy 0O H=2ZZ"—=4d] QGO acala uncertainty
- % combined data B Total uncertainty (scaie & PDFsa )
80 N systematic uncerainty % ]
% =

5=7TeV, 45f"
- {s=8TeV, 203"
Us {5=13TeV, 36.1 fb"

PR T NN TN TN TN TR NN TN NN SN SN AN SN NN TN T NN SO S
7 8 9 10 11 12 13

57%%4 (stat) = *40 5 (syst) pb

61.1+ 6.0 (stat) £ 3.7 (syst) pb

Similar accuracy in 4l and gamma-gamma channels with

1 little model dependence

~10% accuracy Iin inclusive cross-section measurements

ATLAS and CMS combination should bring down the
1 experimental uncertainty.

Theory calculation with NNNLO and PDF4LHC with
Jimproved uncertainties, down to 5%...

1 A healthy race between theorists and experimentalists
Vs [TeV]

ATLAS Theoretical prediction 55.6 £ 2.5 pb

CMS arXiV 1805.10197; CMS PAS HIG-17-028
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with sigma x BR for each measured channel

—
—

ggH

VBF
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ttH
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e DA S 47 o e
351 (13700 ~ S intera ATLAS Prsliminary :i:"'-“ e
- V5 = 13 TV, 36.1 - 798 0 ;;‘ﬁ_um'::rf
L m, = 125,00 Gav, Iy | <25 SM prodiction
_I.: ry =;4
: = F=
i F e == ~ -1
a4 . e 36 fb~'data,
'| —BR comts| o "l except ~80 fb~!
o n=— v 1 for yy & 4l
t — (O'-BR)SM = : ; = |
._!7 VBF ww re—
! . T P
—— comi =
-—i— ¥ I-EI
L T iy [ ———]
! VA | e
1 comb e
P ¥y F———
._!_ VI |—:——|
| ttH+tH == ——
* _’_I b | pe—
N I BT FY TR RTTTE FET TS FETRE PR PR PR _—
-1 0O 1 g 3 4 E B T 8 came. ! ! ! ! ! ! !
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; Assume the same coupling structure as SM

Ky Mo W2z Modify couplings with LO degrees of freedom

0 = K2 *0(SM)  TEKk2HT(SM) => pf=k2ke / (Th/TH(SM))

Loops (g and y) : either resolved with SM content, assuming no other particles,
OR
write as effective k or «,

Total width : SM contributions rescaled by appropriate «'s; ho BSM contribution even in
the width

Primary limitation : same kinematics as SM, no BSM even if true

26



Coupling parameter framework

Scale the SM production cross sections and partial decay
widths with LO motivated scale factors K.

Production modes Detectable decay modes
g } -
TggH { hqf[m_,. K, ) 5) [ o) s 10)
oM Ky SM = tw (
EEH ’ wWErtel
(TVBF e . - .
=i = Kuselkw.¥z.Mg) (0) [ 77 )
T\ 'RE FSM = Kz i11)
FwWH 2 - Z7it
"-':IM — h.ul.r { '} | .
T
WH b _ 2 (12)
ZH ) _ [SM b -
ar = Kz (%) bb
r_. .
ZH [eee )
TRH 2 (©) SM = & (13)
.;F'El}"I t T )
nH Ty K (Kl Ky, Keo K. M)
—~2 E (14)
[ K
Total width
Iy |-:I-:T|f|-:;, M) .
[SM 2 (1)
H H
2 2
Ky * K

EKHITIP'E: (r-BR)(gg = H—=vyy) = osmlge — H)-BRsy(H — vy) -



A detailed list of expression (as example shown) exists:

“Handbook of LHC Higgs Cross Sections : 3. Higgs Properties” arXiv 1307.1347

Two different interpretations in k—coupling framework

CMS-PAS-HIG-17-031

CMS Preliminary 35.917(13 TeV)
— 1 T T — T T
14
12
i %
|:| ormgion ——- Jongion & P e S epecied
L 1 L 1 L 1 L
0.8 0.8 1 1.2

Assume only two
coupling modifiers,
one for fermion, one

for boson; resolve
loops assuming SM

particle content

Change only effective
coupling to gluon and
photon (BSM in loop),
while other couplings
fixed to SM

w 25

ATLAS-CONF-2018-031
LI | LI I LI | LI | LI I LI | LI | LI I LI | LI | 1

- ATLAS Preliminary + Bestfit

[ {s=13TeV, 36.1 -79.8f" —68% CL
o[ = 125.09 GeV, Iy | <25 ----95% CL 7

B * SM s
15 =
- _\_‘T‘-_; -

i A :
1= ( -l‘ .

B —Gunbr-&d — H—*:r';.-' I.'- - -
05 | —H-ZZ H—WW _
L HeBb  — Heerr i
T T NN TN TR N N N

0O 02 04 06 08 1 12 14 16 18 2

L
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ATLAS-CONF-2018-031

All  free; effective loop coupling for g, v ATLAS Preliminary 16 interval s
Assumption to remove degeneracy between K and I : either _ My R y”: =< :
assume k,, = 0 if BSM is free or BFg, =0, kw <1 "zl — L B
. o Z . Kw - -
10-20% accuracy on coupling modifiers in each experiment. - ; - ;
h'-t — —h—' — _h_‘
Scaling of coupling vs mass x| E - :
o o 2 b ' | 1
R} 1CM&‘» Preliminary 359" (13 TeV) K. _+_ _..i._
i (similar results Ko - | -
5 1o from ATLAS) ol 5 o ol I, | <1 -
Eu.|> Bosy ssM Bay20 o
w saale s s sl iisslossslsosslsoialaoalopslospslossalsesplossalosnalsas
< 102 -1 05 0 05 1 15 -1 056 0 05 1 15
"""" SM Higgs boson (similar results from CMS
¥ — [M, ¢] fit
3
10 -
[J=26
> 10_4 sl sl sl N . . .
» S T 1 Fit with k. =V m¢/M!*¢for fermions and k,, = V m%/M1+2¢
9 -
= L M consistent with V and € consistent with 0 (SM)
- e 1 10 102

Particle mass [GeV] >



Probes the kinematic properties of Higgs produced, sensitive to new physics
Results reported at the particle level, corrected for detector effects, to have minimal model dependence

|

= 1 B % — T . ‘ -
2 + Data, tot. unc. | Syst. uncs 0] L H=ZZ -4 () Syst uncenainties 1
N B - 13TeV,798M" B VG5 Frfx K « 147, +XH 1
B - B 09—+ default MC + XH £ 0.1— B NNLOPS K = 1.1, +XH -
§' B 100 0sETESCET « X = - G XH < VBE WM ZHAHOOH
- 50 XH = VBF«VHt1H+bDH &'- 0.08 Total stat. @ syst. uncertainty |
8 © - m pvalue NNLOPS = 7.8% 1
g Om" | F * pvalue MGS FxFx = 9.4% -
d e . . ‘

o .
.
0.04H !

¢ 0«75 «SMES%CL
Ll‘llllllll

I
0.02}- + '+' o. ,+,

I 4

ATLAS-CONF-2018-018

ATLAS-CONF-2018-028

0 u,},,g---nv1-.-,--(':"‘:".1”“1”.'.'.']-.--;-l Pas o |

: L I
g I i

8 'b—~ ........... '......... ............... l...... ..... . .............
5 Sl |

‘E 05+ . e ; . =]
a X 2 R P H 0 10 15 20 30 45 60 80 120 200 350 1000
§ O %0 0 150 200 250 300 360 b, [GeV]

pY' (GoV]

~80 fb~1 for yy and ZZ*-> 4l decays
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CMS-PAS-HIG-17-028

" (pb/GeV)

Ac®"/Ap

~36 fb~1 for yy and ZZ*-> 4l, and h - bb decays

m'_CMS Preliminary 35.9 fb™' (13 TeV)

gg —H
*
1 3 .
-4
10"k i
solp! > 600) / 260
107 f -
10_!:_ & Combinaton
E Syst. unc
107'E aMC@NLO, NNLOPS 1
T oy, from DOL 10.23731CYRM-2017-002 |
“"-5.... i W1 EEeTI PR eI FTTTEPT Y =1
4%-
3.
EE— SR } '
':;E_i . * } - 1
. b, e
0O 15 30 45 80 120 200 350 600 =

P! (GeV)

CMS-PAS-HIG-17-028

aﬁMij (pb)

Ratio to prediction

10

107

10

[ T

=

CMS Preliminary 35.9 fb™' (13 TeV)

= + Combination
- Syst. unc
i H=yy
T H=ZZ
e SMCENLO, NMLOPS
. 0, Trom OO0 10, 23731 ICYRM-2017-002
cC3 :
= 1%
E ¥
Lo 1 + ‘_ ) I
i | -
a-na1u-u-T.nn ’ CETTEY |
|
, L 14
b1 7 ey i % ...... e |
0 1 2 3 =4
Njets

Precise measurements of several differential measurements
All generally compatible with SM predictions
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Central idea : YR4 section 3.2, to make measurements as little model dependent as possible;
Splits production measurements in exclusive kinematic regions;

Try combining of all channels rather than differential (partial) measurements in clean channels only,
thus minimizing dependence on theoretical uncertainties

WH | (#+ leponic v)

i SRS
~[#¥io150 |

|J! v B e I

woH | | tH

ATLAS Preliminary
Constructed from figures in
arXiv:1610.07922 32



CMS-PAS-HIG-17-031

o, x BR* /| BRZ, (pb)

BR'/ BR®

10

1]

107 F

10F

10y

Performed a combination of STXS with
a fine granularity of measurements for
36.1 fb~t with h-> yy and 4l channels.
Gluon fusion production of Higgs are in
good agreement with SM.
Best ~20% precision achieved.

CMS Preliminary

35,0107 (13 TeV)
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ATLAS-CONF-2017-047
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o 1e —

<3

e

ATLAS prediminany
15 = 13 TaV, 36,1 b’
i+
P—HH. 1-jal Hsry and H22" 4] F =200 Ga¥
o < G0 GaY M= 125.00 GeV, |y | < E.5+ +
r + T
+ S -aH, = |t
gg—hl, 1-ped f-'f.""m Gl
B S g™ < 120 Gl ofr VBF: ko -
mow B
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Simplifiad {emglale crof aectich meaguramenis

CMS combined major Higgs decays modes:
vy, 41, bb, WW?*, 11 for STXS.

Good agreement with SM

Precision close to 20%
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¢ 3

gg-fusion dominates

At Vs = 13 TeV, and m, = 125 GeV

Self-coupling of the
Higgs can be probed

oM o shn = 33.53 fb [1.01¢ 500

arXiv : 1401.7340 & Higgs XS group

£ HH production at pp colliders at NLO in QCD :
3 | My=125 GeV, MSTW2008 NLO pdf (68%d) ]
3

1 4

10

to be compared with (single Higgs )

oMy =48.52 pb [1.0

by production of di- z ' =
Higgs measurements & o[ ;1
at LHC A~ m,2/2v? ~ 'f
0.13 (SM) [destructive ol o4 iz
interference makes the ,O:TF ?“
measurements challenging] i3
3 | | ! 1 1 1
W 8 1314 25 33 50 5 100
vs{TeV)
(scale) £ 2.3% (o) = 2.1% (PDF) £ 5% (Theory)]
i;;;*fi//g (scale) */1  ,(a+ (PDF)] ~1:1500 discrepancy, compromised

in signal yields & S/B in analysis mode **



CERN-EP-2018-164

- A]:'LAS IF;rIEIIiIn;iInE;r:fI e Observad CMS preliminary HH 35.9 b7 (13 TeV)

n Ts =13 TeV, 27.5-36.1 fb” I Expected + 4o _ E&ﬁr&s:m
a (PP = HH) = 33.4 fb Expectad + 25 B cgmactid B8, BeEM
L Obs. Exp. Exp. stat. | bbbk g
Ohsoned '."-1-.B:$5M o
HH—+ bbbb 128 207 185 Sgmciad B fail 5
(W]
i 7 bl !
Obrsarved 31.4:=5M ;
HH— bbt't 126 146 119 Expactad 25, 1« 5M @)
[
B . ~
by S
. Obzansed 23 6«50
HH— bbryy 204 263 251 bt @
Combined
Combinad 67 104 92 Dbsaned 22 2.5M

Expmtad 12.0x S

i ol SRR o o 0 | 'l | ' L 3
i 10 20 30 40 &0
95% CL upper limit on L ipp — HH) normalized to o

Fi| a i 1 M L M P P L
60 T EED 6 T 8040 20 30 40 508070 100 200 300 400
o 95% CL on o,, /oM

Limit from ATLAS hh combination: p < 6.7 (10.4 expected)
Limit from CMS hh combination: p < 22 (13 expected)
Limit on Higgs self-coupling S.F = «; = A

7\'hh,S M

ATLAS 1 -5.0 < k< 12.1 (-5.8 < k3 < 12.0 expected)
CMS:-11.8 <x;<18.8(-7.1 < k) < 13.6 expected) 35

Both reach 10xSM sensitivity
in expected production value
SM sensitivity at HL-LHC !




Production Decay

gluon fusion e <[:::
g t H 36-80 fb-1 Run2 dClTCl, tt, WW and )

t I Wy ZZ pairs

~ 3 times improvement in boson channels

tor b fusi VBF, . . .
vectorbosoniusion 55 Observation of all primary production and decay modes,
7 Wz,  H including
3 »W,{i\q Confirmation of third generation of fermion couplings (t, b, 1)

No deviation from SM so far, but,
Higgs physics an important indirect probe

Sensitivity to double Higgs production ~10 times SM, started

associated prod. with tt
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LHC / HL-LHC Plan
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CMS T, VBF 35.9fb" (13 TeV)
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Coupling parameter framework

Scale the SM production cross sections and partial decay
widths with LO motivated scale factors K.

Production modes Detectable decay modes
(TgoH _ ' h—i':[}:h. ki, My %) [ i) )
oM - ' [SM = kw (10)
ggH ) “'T-II.'-I":
(TVEF : :
= = H%‘BI—':HW' Kz, Mg) (6) [ i )
T VEF ST (11)
TWH 2 7) Z7i%)
SM W { I —
“wH bb 4 12
o . | ST (12)
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£H I T T "}
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