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Introductory Remarks

* Really interesting conference!

* right mixture of theoretical and experimental (EXCELLENT) talks with many discussions: having a few

slides to introduce them at the end of the talks by the chair person is a very good IDEA!

* 3 days full of content: impossible to make justice to all interesting results in 40" |
* Very successful Young Scientists talks

* Biased choice of highlights in the following: focus on what is “new” or “intriguing” or triggered discussion

(controversial) with some more general personal remarks (... but many interesting results are in backup )

THANKS to the organizers!
* | only have one remark ... maybe is time to
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... change the conference name: the Higgs Hunting season is over ?
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THE Higgs (125 GeV) boson




More ... Introduction

* The Higgs boson and the Brout-Englert-Higgs mechanism play a
crucial role in the SM:

* SM has many “free” parameters: 18 ignoring neutrino masses/mixing and
Oqcos 25 if neutrino are masses+mixing added as Dirac mass terms (not
present in original formulation and requires sterile vg)

* Of these 18/25 parameters all but 3 are linked to Higgs interactions:
* Once also M, is measured (current accuracy <2 per mill) all free parameters
are known with high accuracy:

* Main testable signature of BEH mechanism = Couplings H-to-SM-particles related to
their masses , Higgs self interaction also determined by vev and mass

* Any measurement at LHC over-constrain hence test the SM model

*Note: Still very little understanding on why we have so many free parameters and the
origin of their hierarchy
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Higgs to Boson decays

* H->ZZ*-> 4] and H->yy are clearly the cleanest experimental signatures with
fully reconstructed final state
 allow measurement of the mass (2 per mill level)
* Backgrounds small and/or determined in situ
* Small BR: need large luminosity!
* |deal channels for fiducial differential and STXS measurements

* More challenging H->WW->|vlv

e Larger BR but systematics on background already playing a major role
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H-> 4-leptons updated with full Run2! EHk

1 b (7 TeV), 19.7 fb” (8 TeV), 137.1 fb' (13 TeV) G. Mancini
3 l ] I 1 ] rrrT I LI I rrTT I L I L I Trnri l UL I T T I—
£ 6 cms E ATLAS Preli .
b:.t:’ - $ Data (stat. ® sys. unc.) A. Kumar - reliminary |:] SY:t@U':'lgﬁgaln)téiis
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S = Systematic uncertainty - 06’ H— 27" -4l ¢ MG5FxFx + XH
F A - > 13 TeV, 139 fb™ # NNLOPS + XH
aF- Ssndarcimosol _‘ z’bo & HRes 2.3, NNLO+NNLL + XH
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N i (9
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i Yo <uzy <2, Y sgeU2e, ¥ (sup
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O-ﬁd — 276+ 0.14 fb. (c-B)sm=(0-BH — ZZ"))sm = 1.33 +0.09 pb.
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LR — 77.4 10" (13 TeV) Fiducial XS results W1th 139 fb'1
2 35000 _H—>YY _ = - - . . -
0] - All categories ] ®  50000F- ATLAS Prellmlnaw ¢ Data .
~ 30000 S/(S+B) weighted 3 © . s=13TeV, 139 1b" — Fit .
+‘é’- A A. Kumar 4 Data i [ % 40000 %. e Background -]
® 25000 o : B 2 - ]
it EN g SZE;:: SHEt . ' 30000 Nsig = 6550 + 530
B 20000 . b — - .
.:Snsooof— I:];20 _ 20000;_ G. Mancini E
o F . 10000F , -
—T——_3 E - mu constrained: 125.09 + 0.24 GeV
ﬁE : : 2 1500F ' ' ' ' =
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o 0:....|........|....1....|....|....|.... {cé 500 _E
@ 0
1000 — 'B component subtracted— &  -500 . . . . .
- . a 110 120 130 140 150 160
500 - m,,, [GeV]
oF < N -
SR . ofig = 65.2 £ 4.5 (stat.) + 5.6 (syst.) + 0.3 (theo.) fb
-500 = ) , . . . . ! ]
100 110 120 130 140 150 160 170 180 . e
m,, (GeV) SM prediction: o4 = 63.3 +- 3.3 fb
Y
T O i TR O R P ~. . _
1= 1187017 = 1.18 *57 (stat) Loy (Syst)fg'gg (theo)! Also here 10% accuracy achieved with Full Run2 data set
e e e e e e e N e e e e e e e e e e

Fiducial cross section immune to theory uncertainties
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Updated total combined yy+4! cross section 139 fb-1
XS: H->yy and H->ZZ"->41 combination

G. Mancini
. -1 o T S A A RS S S Y. Lu
 Results Wlth 139 tb~! @ 13 TeV i 100-_ ATLAS Preliminary — Gy My=12500 GeV N
I .
o - AH © H—2ZZ*—4] QCD scale uncertainty
o mH—12509 GeV bé i ’ C;L}i,ne d da:'; ~ Bl Total uncertainty (scale ® PDF+a)

80 | Systematic uncertainty —

e The cross sections are obtained from
the measured event yields, combined 60

accounting for luminosity, detector

effects, acceptances, and branching

(s=7TeV, 451" —

fractions (SM assumptions) [ ooy 20ak
0= 7% 9 i0 11 12 13
Vs [TeV]

« The measured total Higgs boson

production cross section is: 55,4“:3:3 pb ( £3.1(stat.) igg(sys) )

Total relative error ~8% in agreement with
« Agreement with the Standard Model SM predictions (error ""4.5%)!

prediction: 55,6 + 2.5 pb Huge success for experimentalist and
07/31/19 theorist 9
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XS per pro uction mode
A. Kumar G. Mancini K. Koeneke
N e | CMS pretminary 1871 fo° (13 TeV) z‘
* ATLAS Preliminary .., ©._ ] CMS /e
® H —> ZZ —> 4{ H— z2Z* - 4l %] e — | 1| m, profiled H: 22(5)4 | D‘
13 TeV, 139 fb™! ox| . ! .
ol | Stage0-ly, [<25 T e S 25% y 3
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-0.36

Wlth |4O fb-l ggF P'H U130 & 1307 10 260 VBF 0.62°Y | —=—H 0.45

VBF ; » 130+45  92.0+31

- ggl measurement N BN worseel e | osr
precision reaches precision [ | |
. - ; 7 HiH 013707 fm ; 0.06
of SM prediction nousve| @1 emsm owen e = | L]
0.5 1 1.5 2N INi2nS GG bttt L SR 0051152253354455
oB/(oB)g, o/0g,
ATLAS Proliminary |\ oy 7o | | st WSy oM CMS s =snlen
® H ﬁ YY E=13TeV, | ‘ H-yy —m— Per process 68% CL
Hovy, Iy, < 25 Total ( Stat. Syst. ) L ) : )
. agF 097 ‘o (£011 00 ) 9gH 102 o .SM Fredeton _
- Systematics for ggF and vBF | oo m profi
. . VBF H—— 140 T03 ( loh 0% ) — )
VBF similar size as 80 fb-! tH | com | |
Sta-tlstlcs WL e 1108 05 (T0% %) | WH leptonic | s0° ——
Top e e gp iy g | ZHleptonic | oot w—
| ! | | | VH hadronic | 517 f = !
Lty I B | gl T T | Ll gty 1y [ B | | ' PN I SR SR A T T ST SN ST S S S NN S
0.5 1 1.5 2 2.5 3 == 0 e & 6 8
Karsten Kéneke (cxB)/(ox B)QM Sproc/ Oine

* Theory systematics on signals starts to play relevant role
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Discussion: theory systematics on signal

K. Koeneke

Systematic A@AS

EXPERIMENT

8-point variation: 6-point variation:
nr and pr Vary by 0.5 and 2.0; Vary by 0.5 and 2.0;
No further constraint Constrain 0.5 < pr/ur < 2.0

PDF4LHC_NLO_30 Hessian
eigenvector variations:
NNPDF3.0 eigenvectors + alternative
nominal (MMHT2014, CT14)

PDF

NNPDF eigenvector variations

* Ongoing effort to harmonize theory errors (on both signal and background) in LHC Higgs
Combination group (LHCHCWG)

* One of the main motivations of STXS is also to harmonize (signal) theory uncertainties:
LHCHCSWG documented uncertainties on YR4

07/31/19 11
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Full Run-2 H — ZZ* — 48 STXS Stage |1~ £ [

K. Koeneke
: CMS | CMS Preliminary 137.1 fo™ (13 TeV)
A. Kumar * |Impressive STXS Stage |.1 full Run-2 data results Viituiitmliowiiiievine=o
&I%nﬁé mH proflled GLl (o)
zz0)| —— . 1028
L. ol | | ggH-0j/pT[0,10] 0.87 0.80
G. Mancini | ATLAS Preliminary ,,[ . QgH-0//pT[0-200] 1_06%5?1} 553
* o = 0. &
H— ZZ Lt 4] 222 ——a— | ggH-1j/pT[0-60] 0.78' 4% 0.88
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£ il b A T DN gggngj/pJTF[)ecg 120} 150708 l_-I-—l—l 822
, F-0j-pH-Low i i ~29.0.80 ;
u . walboch st I A wr e i ggH-2j/pT[120-200] 1.1677 | |--a—f 0.11
Il .. 580+ 100 550+50 | |99 l' p1-Hig ggH-2j/mJJ>350 0.00"2 | 0.10
B . 130+80  172:25 | | ggF-t-pl-Low HioT>200 0.47°08! - 0.07
] 140+50 119+ 19 9gF-1j-p¥-Med 99Rvp a7 . I
i : 13 = i kL NIT qqH-2j/mJJ[350,700] 1.71', = | 0.05
n ¥ i s =g A qqH-2/mJJ>700 0.931 . |—a—| 0.07
L + + F-2j o I
i 3 2‘1’;70 1‘;51:?2 Hra p%ng-g:] qaH-3/mJJ>350 2.89'7,° = : 0.04
T L = dx a4 -p-Al +2.43
i ! i 14525 Bl = VBF-Lti qgH-rest  0.0077 — 0.25
il : 45 st i ~ _» qqH-2j/pT>200 0.00*073 0.02
- ' 0.3*1° 576 + 0.22 VBF-p!-High €= il © o0 I
B ; 7 FEE T T { VH/pTV[0-150] 3.217 ! = ! 0.11
B — R T T iy /’ VH/pTV>150 0.007 g—1 0.03
u B 2 16-5-1.3 i VH-Lep qqH-2i/mJJ[60-120] 0.57°) 2" |-m4—| 0.05
E i = 187 154" ttH <€— . i +0.90
~ t $B¢pqzz§ u —> ttHtH 0.0700 B4 it b, 0:06
AL T L TR LA WIS L S ALK JULASR, A WALSS (USSR SO T LG WALLN WU WY WL L AL AL T WA R DU PR WM S R S PR L TR Ay S AL
-1 0 1 2 3 4 5 6 Not part of EW qqH; 012345678910
Different from Stage .1 G/ (0]
6-B/(c-B) SM
SM
Karsten Koneke 3/22

* Very useful for interpretation (EFT) but information diluted, large correlations (need to
publish covariance matrix not always easy to determine) and many cases dominated by bkg.
Fluctuations ... and also check their model dependency
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CMS Preliminary 137.1 b (13 TeV) )
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Important to publish (and use) full covariance matrix !
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Pt-Higgs peH: @ major probe for Higgs physics N

measurement ;- o = $ | R. Contino
pe oo R I &
. Low p, Bulk of the distribution Boosted
Lught Yukawas.. Highest precision gall MFT_ N

/

* Higgs Pt spectrum dominated by gluon fusion production (ggF) - not true at very high Pt

* Full range sensitive to several BSM effects:
* Higgs couplings to charm, bottom, top, BSM Top partners (A.Banfi, A.Martin, V.Sanz ‘13), EFT operators, ...

03/17/19 14
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Fiducial differential cross-sections

CMS Preliminary 137.1 fo' (13 TeV)
A . I ! ! ! I ! I I | l 1 | I ! I 4 1 1 L i 1 1 L L il ; 1 O = T T T T I T T T T I T T T T I T T T T I T T T T I T T 1 1 | 1 T T T
(5 ; Systematic uncertainty A. Kumar g g —+— Data, tot. unc. Syst.unc.
< - SN gg.H (NNLOPS) + XH - I ¢ il
e 1 X 5 (il o B ,% 3" B gg—H default MC + XH !
e 10E : G = < ; B NNLOJET ® SCET NNLO @ N°LL + XH ]
Lol g [] XH=VBF + VH + ttH (POWHEG) o |8 o Mg AT ]
am B : (LHC HXSWG YR4, m =125.09 GeV) 24 5 iBeliblidiii
S— i i: m
ol L 3 VAR g 3 107}
o p -8 ] :
i L REBIIIIIA e 00 7 :

= il i O AR I
© 5 ] il

w -I 1 L 1 I I I I ;--l--l-l-{-l-l-l---

o o] 2 [ T T T T ML

9 5

e = 1.5¢ + +

e 8

R () 1 +

:

i % 0.5 +

100 150 200 @« !

pT(H) (GeV) 050 100 150 200 250 é;é? [Gg'ssD

Full Run2 dataset ! The two channels have similar sensitivity
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Constraint on charm coupling from PtH [

M. Primavera

CMS 35.9fb' (13 TeV)
> H
O " Ao(pf > 600) / 250 40CMS 35.9 b (13 TeV) ,
; X 17 -
(2 1 *f %i Ao(p’: z 200) /120 M-o : — Combination =
'8_ kg Ac(p" > 600) / 250 . <
R 10_1 "}-i-."{ ........ T 30_——H—)ZZ —6 C\‘l
I ¢  Combination H N 1
S 102 Syst. unc. 5% 20:— ; —15
© ¢ H — bb — - ‘-“
< 10F ) —a
10° + How } K
+ Hos2zZ  meeemeeees 0-£ 0'_ =3
107 aMC@NLO, NNLOPS | -
., from CYRM-2017-002 ‘ —10F 2
10—5 113 1 ] ] | | | | L E
.§ 5 20F 1
5 4 —20F
g g : B +Best fit *SM -26 —16 | B unconstr
& oS : _aqt
R i it 0= 604020 0 20 40 60  °
R T T T T T T e A .
e 0 15 30 45 80 120 200 350 600 i KC
Py p (GeV)

Using only PtH shape information
07/31/19 Combining Hyy+H4l+Hbb channels 8 y P .



Constraint on charm coupling from PtH

e gg—H
» Largest change in from
top-loop interference with
charm-loop

» Can be positive or negative
@ecc—H
» Cross section simply scaled
by 2 in each bin
» Has stronger contribution to

sensitivity

2

P
ATLAS Simulation Preliminary

{s=13TeV, 139 fb"

— SM: k. =1
== ggF, k. =24 .
== ggF, k. =-19 -
-=CcC— H,k.=24 .
CC— H, k. =-19

S

3}

Qo

2 Ci
IS 1'5—_5
Q =
© n
= 1
%b:c a

° 0.5F
k<.> E.
¢ O
k<3 -

-0.5—

Larger effect caused by cc->H production
Still worse then with direct search VH—> cc (e.g. see
CMS recent limit) but could be complementary

(different sensitivity to assumptions)

07/31/19
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» Shape-only fit — reduce model-dependence (Normalization depends on

» Measurement statistically limited

2InA

NP modifications to Higgs decay width)

25f

20F

T

I
ATLAS Preliminary
{s=13TeV, 139 fb"

—— Observed
—— Expected
Observed, stat. only
Expected, stat. only

T T T

do/dp! [fo/GeV]

107"

LTI [

4 Vs=13TeV, 139 fb"

T T R T D AR

e Ty
ATLAS Preliminary i

1

k=24
il <
—SM: k=1

| IlIIlIII

llII

[

Ratio to SM

o

(SIS
TTT[TT

120 1¢
pl' [GeV]

100

Coefficient

Observed 95% CL limit

Expected 95% CL limit

Ke

[—19, 24]

[—15, 19]

17



Higgs to Fermion decays )

M. Meyer precise measurements of Higgs Yukawa couplings important test of SM
K.Beker O IIII|IIII|IIIIIIIIII[I FTTTTTrTTTyTrTTTT I TT T TTT I © 41.3fb-1(2017data)
HGray B 3% |H— bb (BR~58%)
' %) - (b IBE * large background, VH most sensitive
c L ww 18 production mode
%C,10-1_ g9 Bk
g A\ ] 77.4 fb-1(2016 + 2017 data)
B ——
—— i H—- 1t (BR~6.3%)
107 E * highest experimental sensitivity to
a - Higgs production via VBF
C vy i
10_3/—_-___—_ 35.9 fb-1 (2016 data)
= Z |
- - H — pp (BR ~ 2 * 102 %)
- ] * high di-muon mass resolution
_IWI 11 | L 11 | L1l | 111 | L1l I L1l | | | | | | I | :T_ * prObeS YUKawa Coupling to 2nd—
10720 121 122 123 124 125 126 127 128 120 130 generation fermions

M, [GeV]
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M. Meyer

H — tt in ggF & VBF production

inclusive measurement:

* best-fit signal strength
M =0.75%018 9 47

cross section measurements split
by production modes & different
kinematic regimes

+ presented as stage-1.0 simplified
template cross sections, as
defined by LHC Higgs Cross
Section Working Group

» few categories merged due to low
sensitivity

CMS PAS HIG-18-032

NEW!
77.4 b7 (13 TeV)
CMS I Observation
P SM expectation
Pre/lmlnafy =scaleePDF(Bas®BR uncertainties
Hproc
—— I =0 Jet -0.407078
g ._._I PRI 0, 60] 034713
-
i —— -1 et pH 1 60,120] 126715
2z
2 Z E; I—o—c p{.‘[120, o ] 1-80.1‘.(‘)?
T 83
1 g & l—‘ll > 2 Jet 0.47,*2'2.‘3
O ’
>% &
lﬂl Inclusive 036705
3 + VBF topology 1.007930
- z Z - ! V(qq)H topology 117515
=0 )
gz:z .-!-—. pi! > 200 GeV 141718
> Sg +2.75
Lt g 3 l—.—*—l Rest -1.06 75
Qg
>Z s . +0.30
l*l Inclusive 1.037%
o e Y b e b b
-5 0 5

Best fit HMproc = Uproc/USM

Inclusively ~¥30% accuracy with only % of Run2 data
Start to explore STXS different kinematic per production mode

07/31/19

H — 71: ggF, VBF, VH combination

WH / ZH alone:

* best-fit signal strength : p = 2.514.1 3
* obs. (exp.) significance of 2.3 o (1.0 0)

combination with ggF & VBF analysis
(2016 data only, Phys. Lett. B 779 (2018) 283):

» re-weighting of ptHin ggF to spectrum from

NNLOPS generator, updated ggF cross section
uncertainty

* obs. (exp.) significance of|5.5 o (4.8 0)

= observation level reached with 2016 data alone
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arXiv:1809.03590,
| accepted by JHEP |

35.9 ™ (13 TeV)
e

- CMS

+0.53
ggH p=112%)2

+0.45
qqH w=113%)

2

229 +1.68
WH u=33975

103 +1.62
ZH w8750

- _4 o4 10.29
Combined w=1.24 7%

-2

6

Best fit u = o/o
SM
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K. Beker
PRD 99 (2019) 072001 36 fb!
H — 17: Results /4 of Run 2
2 L I HUVLABSARERE RARE AL P SRS A VLB A L B R
G 150, ATLAS ) Elzaff?gﬁ%g B ATLAS Vs=13TeV, 36.1fb ATLAS Vs=13TeV, 36.1fb
g ' ﬁz 1R33TeV, 36.1fb =§‘% :;?(f;k%roundsz —total —stat. —~SM exp. total (stat., syst.) —total —stat. ~SM exp. otal (st ot
- [ Misidentified 7 i 1. +0. . ., Sysl.
ch 100 Uncertainty N Thad%had 2.49 _11?: (_377:’_(1);?)
8 ] ' Boosted| 1 gy 402 430 (070 15)
Q ] +1. +0. +1. ) '
5 50 ] TiepThad 313 5 (0% 12
S ] B a
i VBF +1.6 +0. +1.
’ . i e 679 23 (14 20 "1 334 Na Cosoliva)
== R e B B
@ 2= . o I -

s 9 A . T Comtiraton) e 377 4% (*0%0,-0e7) | Combinalion| e 377 % (0% 08y
4= L1 L i | | ol by by by by b b v by b by b by b by by by
Q %0 100 150 200 0O 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20

m?_"r'\"c [GeV] T [pb] OHser [pb]
Sl WP
; MMC . i r ---68%CL
* Fitof myy "~ to extract signal 8 osf Ko ]
* Observed significance of 4.46 (4.10 exp.) wb LT e
* Observation of H — Tt when combining with Run 1 : ;
6.40 (5.40 exp.) 0.21- . .
* Similar contributions from statistical and systematic uncertainties o .
- ATLAS -
_02_ | | | PR " 1 L]

-2 0 2 4 6 8 10
Kathrin Becker, 29.07.2019 op bl
Again no significant deviation from SM predictions
. ~a A0
07/31/19 Inclusively ~¥30% accuracy -
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Phys. Rev. Lett. 121

H—- bb combination (2018) 121801

M. Meyer

<51f"(7TeV)+<19.8tb "' (8 TeV) + <77.2 b (13 TeV)
2017 + 2016 + Run | data: CMS e Observed

* best-fit signal strength : p=1.01 £0.22 H—bb = =lo (stat ® syst)

= +10 (SYSt)

» obs. (exp.) significance of 4.8 o (4.9 0) , stat  syst
ggF ' 2.80 = 2.08 = 1.30

VBF | ——— 253 +0.98 = 1.17

combination with analyses targeting ggF,
VBF & ttH production modes: ttH

e 0.85 = 0.23 = 0.37

* |best-fit signal strength : p = 1.04 £ 0.20 W - 194 + 099 + 0.04
» |obs. (exp.) significance of 5.6 o (5.5 0)

ZH | —-— 0.88 = 0.24 = 0.16

Combined .- 104014 =014

= observation of H — bb by CMS o"”L””?I_”Hé””zlt”"é”"é”"%"”éu"g

Best fit u

* Also this decay has been observed by both ATLAS and CMS
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JHEP 05 (2019) 141 79.8 fb!

Study VH with H = bb (STXS) sote?l ATLAS

reeeeer III|

g‘o’ss“l"I”'””I'”l”’]”‘]”'I'” AR § = ATLAS VH, H->bb, V-leptons cross-sections:
VH(lep) (|YH| < 2-5) 5 E ATLAS Simulation 1 ‘_;_ L Ys=13 TeV, 79.8 fb ® Observed —T::, unc. = Stat. u:m. ]
2 03 5-137ev = Total signal - >Q:2 10° . =SM [ Theo. unc. -
8 E 1lepton, 2 jets, 2 b-tags 150 <p} < 250 Gle_\/_i % 8 E 3
» qq— Hlv,prv<250 GeV -%0.25:—p:"21506ev =-- Pr>250GeV E - Jéng . - v=w E _ v=z ]
WH | E . === All background 10 ?— ' l _El
» qq— Hlv, p,* > 250 GeV 2 02 Different é— - oo+ _ 3
0.15 10 ? E T =
— | qq— HIl, p," < 150 GeV I S [ SR c = 1 ]
T s T —
ZH » qq- HIl, 150 <p,’ < 250 GeV 0.0F (§ ; '1\1{ P _t 3 *
- 5 0 - - ‘ ==
. v L __“'Al““‘“‘“I“““‘ n o f
>jaas S Pl = o0 ke 008 0604705 0 0204 0608 1 T80¢pn P25, G 7 5025 750<p2<2 "rz>250G
BDT,,, output P0Gy, VT 0Gey TT0Gy, Y
VH
* Use same BDTs to measure STXS bins as function of p (V) 25 “CATLASSmuation E C. Tosciri
* Five cross sections: WH pr(V): [150-250, > 250] GeV and XA E
ZH V). [75-150, 150-250, > 250] GeV % 3 —Cu-%=0008 B
pT( ) [ . ’ ) ’ . ] T . \g : —7t,=05 . ] K. Beker
* All results consistent with SM, still statistics dominated @25} : (_\—
X ! 3
* Systematics from background modelling and MC statistics © ~
* Impact from signal theory uncertainties small
e . . . . 1
* Sensitivity to EFT couplings, information on 95% CL limits in the backup Qe WHowe E ZHo(Lyw)bb

750 oW s, 750 oZ
w 2, <P<. 2 25
72560, Cer TGy
e

Kathrin Becker, 29.07.2019 8

e Adding STXS measurements and EFT interpretations: High PtV sensitive to new Physics

* Discussion: important to check sensitivity/dependence of STXS measurement to BSM effects
on signal (and background, e.g. H->WW)

07/31/19 22
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ttH results o

A
I

M. Peruzzi 5.1 (7 TeV) +19.7 b (8 TeV) + 35.9 fb™ (13 TeV) M. Spalla X. Yang
. CMS LS:):?;I:td@syst) LI I R B L I B L R A B NN B AL L R B B B
B. L| - , 10 (Syst)
EHWW?) N T 2o (At O sys ATLAS e Total Stat. [ Syst — SM
_ g Ys=13TeV, 36.1-79.81b"
ttH(ZZ*") PO Total  Stat. Syst.

) ; tiH (bb) : = ' H 079+ gg (% g2 ,+053)
fiH(r) | ——— tiH (multilepton) o 156+ 9g (% 0% .% o)
tiH(bb) - b 139+ g (% 03 - % o47 )
748 TeV ; e <1.77 at68% CL
13 TeV ——m— T e o
: Combined H== 1.32+ §% (£0.18.,+ )
Combined —-.-—
PERTERTERT N BT S I e b by by by by 1 1 1 1 l L 1 L 1 l 1 1 1 1 l 1 L 1 L l 1 1 1 L l 1 |
14 0 1 2 3 4 5 6 " 7 -1 0 1 2 3 4
i SM
ttH O O

* Observation of ttH was one of the mail goals of LHC Run2:
* direct observation of Y, (very large coupling ~1!)

* Both CMS and ATLAS observed it in 2018 by combining several decay channels,
already achieved ~20% accuracy and measurements in agreement with SM predict.
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M.Peruzzi

07/31/19

Fully-hadronic
Single-lepton
Dilepton

2016

2017

Combined

ttl_-l->bb CMS

35.9fb” (2016) + 41.5 b
I

1(2017) (13 TeV)

CMS PAS HIG-18-030

CM

S Preliminary

| -0.38
- 1.22

can 1.0

tot

+1.02
-1.06

+0.41
-0.37

+0.74
-0.71

stat

+0.54
-0.54

+0.19
-0.18

+0.39
-0.38

[
syst

+0.86
-0.91

+0.36
-0.32

+0.63
-0.59

" 0.85

- 1.49

+0.43
-0.41

+0.44
-0.40

+0.22
-0.22

+0.21
-0.20

+0.37
-0.35

+0.39
-0.35

= 115

+0.32
-0.29

+0.15
-0.15
|

+0.28
-0.25

10

L = 0/0g,
e 2017 result: p = 1.49 +044 4, 3.70 significance (2.60 expected)

Uncertainty source Af
Total experimental +0.15/-0.13
b tagging +0.08/—-0.07
jet energy scale and resolution 40.05/—0.04
Total theory +0.23/-0.19
signal +0.15/—-0.06
[tt-+hf modelling +0.14/—0.15
QCD background prediction +0.10/-0.08
Size of simulated samples +0.10/-0.10
Total systematic +0.28/-0.25
Statistical +0.15/-0.15
Total +0.32/-0.29

* 2016+2017 combination: p = 1.15 +0:32 g 59 , 3.90 significance (3.50 expected)

e Very significant improvements in the control of backgrounds
result in an impressive boost of the analysis sensitivity

* Update with 2016+2017 data = in CMS ttH->bb is the most precise channel!

* bgk. theory systematics in ATLAS >0.50: quite useful discussion ... will continue in LHCHCWG
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ttH-> yy ATLAS
ttH(H~>yy): 139 Fb"" results

M.Spalla
@ 140:_' I # ' ll)atla IIIII AITL'AS IPr'elllmllnar)I/ =
© Maximum Likelihood fit on all (”31202— -------------- Continuum Background Vs = 13 TeV, 139" -
H () - - Total Backgroun m, = 125.09 Ge .
Categorles - :_ SigtnaI+Bagckgro(:md All ca:::o(rJisz ' _:
H mass constrained to i ]
experimental value &
© ttH observed with 4.9 ¢ significance
* Expected: 4.2 ¢ E
0 110 120 130 140 150 G \1/?0
. " . my, [Ge
© Remains statistically dominated same size
\
on X By, = 1.59 To38(stat.) 515 (exp.) T513 (theo.) fb
© Measured cross section still ~1.4 Prediction: 000 N
times the Standard Model opn X By (SM) = 1.15 T tb &
expectation N
O
* Remains compatible OetH o3 013 0.9 o\o'b
glven the uncertalntles ﬂ = 1.38 j:().iil (Stdt) j:().ll (6‘Xp) j:().l»l (thG‘O) f))Q

* First ttH results with full Run2 data together with CMS and ATLAS H->4]

07/31/19
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Higgs > pp

* One of the major goals for Run3

* Best chance at LHC to measure interactions between Higgs and 2nd
generation Fermions

* Main challenge is the very small S/B (at ~2 mill level inclusively);

* Very important to get correct modelling of background fit with analytic
functions to avoid signal biases

07/31/19 26



ATLAS-CONF-2019-028 ,Eps 2019 | 139 bl

I reeeeer

Sea rCh fo r H ﬁ l/lu ______ Fu” Run 2 BERKELEYLAB

>
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> 300:_' """""""""" prTrTrTT e T """""_:
* Fitto my, in 12 categories to extract signal § - f—rﬁésTg\r/el§r§5n?t§¥ :?gtt; PDF )
) ) ) =~ 20 Hou —Slgnal PDF
* Signal modelling: double-sided Crystal Ball € Lool\  log(1+5/B) weighted ... Bkg. PDF E
* Background estimation: g oF E K. Beker
o — -
* Important due to very low S/B £ 100E- E M. Zgubic
— per mill level description of background 2 - E
* m,, background model parametrized by S0 =
analytical functions % - .
* Core function to model DY mass shape 0’? 1
* Empirical function to correct distortions b 0
. . Q4
* Uncertainties on u (absolute value): 110 115 120 125 180 135 140 145 150 155 160
* Signal theory: 0.08 m,, [GeV]
* Signal exp. : 0.07 e Results:
e Spurious signal: 0.06

* Upper limits: 1.7 (1.3) x o5y obs. (exp.)
* Signal strength: u = 0.5 + 0.7
* Significance: 0.80 (1.50) obs. (exp.)

Kathrin Becker, 29.07.2019 14

e Data stat.: 0.7

* Preliminary result from ATLAS with full Run2 data reached 1.5c expected sensitivity!
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Phys. Rev. Lett.
H — MM 122 (2019) 021801 BERKELEY LAB
fb- YV 2016 E:Jfgj

x10° 3591 (13TeV) S 7 50" (7 TeV) + 19.8fb" (8 TeV) + 35.9fb™ (13 TeV)
5 105 Hom e £ [CMS = observe
2 8 =07 for m, =125 GeV ¢ Data > 6 B8 Expected (background, 68% CL, 95% CL) M. Meyer
S 3 S+B fit .t C --- Expected (SMm =125 GeV) )
5 6 B component + 1 s.d. (2 s.d.) E 5 H
5 = ,E .
a 4 o *E Y. Gershtein
2 X C
GE) 2 . g)o 3 B
; [ T T T T T T T 2
3 200 } { } B component subtracted
5 0 } $ $ ¢ 1
= g“ {H? ” i?}{ Yo #T % ¢ H! L PRI
D200 }H % L L L 1 1 0 IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

110 115 120 125 130 135 140 145 150 120 121 122 123 124 125 126 127 128 129 130
m,, [GeV] m, [GeV]

combined 2016 data + Run | results (at mn= 125.09 GeV) :

e upper limit on o/osy : 2.9 (2.2) obs. (exp. for y = 0) at 95% C.L.
e |best fit signal strength p of 1.0 £ 1.0 (stat) = 0.1 (syst)

» |obs. (exp.) significance of 0.9 o (1.0 0)

CMS has ~2 better mass resolution than ATLAS for this signal: should get ~2c sensitivity with full Run2 dataset
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Y. Gershtein L. Gouskos Higgs 9 cc (VHCC) BE/R;E;!AE!

@ First CMS search of its kind! See Loukas’es talk on Wednesday

2 CMS Simulation Prefiminary 2016 (13TeV) 0

10
Small-R
jet c-tag 3591b" (13 TeV 2 AL ' 2 R T bam
: o ATLAS o ATLAS
3 > oL 2 \s = 13 TeV, 36.1 fb’ — :teFlﬁelsult e Vs =13TeV, 36.1 fb" — gr:enf:sult
3 6L Exp.=79xSM > 2 c-tags, 75 < p? < 150 GeV > 2 c-tags, p? 2 150 GeV
é‘:m é Obs.=83<SM S <
> >
g 3 w I ZH(06) - 1 2H(0b)
E] © 1L — ZH(ct) (100xSM) — ZH(ct) (100xSM) g
Exp.=72xSM 2
Obs.=110xSM =
N
107 2L B'PT
10 i Exp.=57xSM 8
b jet efficiency Obs.=93<SM ~
1 o
2 (13TeV) - —e— Observed ; 12F7 ' T j  lAFTTTTTTTTTTTTTTE TR T T T T T T T T -
uc) 18000f- CMS 3 Vviothen ] %Tg:sadlon ----- Median expected g’ 11.'C1:- PR % }g :_ 4 .
o 16000 Simulation Preliminary ~ZBgo'e ' E Obs.=70<SM 53?«::::22 3 8:35. L * L Kk gg = 1 E
Merged-jet B Wibm ] . L a 50 B0 100 120 140 160 180 200 & 0 60 80 100 120 140 160 180 200
14000 i 3 50 100 150 200 m _[GeV] mz[GeV]
BDT >0.5 [ Z+udsg ] . o
12000 =ho 95% GL upper limit on u(VH,H-cc) mcz distri bution in 2 c-tag categorles
10000 Lar e_R Ev?'lc(:l—mb) e
wifl  jotootag oLomn] @ ~20 excess
et cc-1a (VH scaled to total bkg.) . .
ook b 9 | Observed (expected) upper limit at 95% CL:
000}
wong @ u <70 (u < 37 expected) s on o(pp = ZH) x BR(H — c&): 2.7 (3.9721) pb.

% A lue is 26 fh)
0 0.1 02 0.3 04 05 06 07 08 09 1 . ’ +80
cc-tagging discriminant Yuri Gershtein o or on signal strength: 110 (150", I

* Both Experiments will address orthogonality with Hbb analysis and make simultaneous fit Hbb/Hcc fit next
round
* CMS also uses 0/1L channels + Merged jets + MVA approach (ATLAS fit to Mcc) :
* quite striking difference in 2L resolved channel EXPECTED p sensitivity: 59(CMS) vs 150(ATLAS) !
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Channels Combination
M. Primavera
TN Ly

rreeeer

Analysis Integrated luminosity (fb™ ")
g > H — ~v (including ttH, H — ~7) 79.8
— H— Z7Z"— 4 (including ttH, H— ZZ"— 4() 79.8
H—WW*—= evuv 36.1
H— 711 36.1
VH, H— bb 79.8
VBF, H — bb 24.5 — 30.6
H — pp 139
ttH, H — bb and ttH multilepton 36.1
H — invisible 36.1
Off-shell H — ZZ* — 40 and H — ZZ" — 202v 36.1

 CMS combination based on 36 fb1
* ATLAS combination based 36-80 fb! (+139 fb!)
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M. Primavera

Channels Combination CMS: x fit el

2
M 1 - (BRder + BRmv) M 1 — (BRundet. + BRinv.)
35.91" (13 TeV) 35.9 1" (13 TeV
) o
CMS S 5 0.6 g e
. c -
- ' '_merva' ")@ o - CMS 68% CL ==== 95% CL 1
: —2c interval @ - §
K H Q 0.5 7
Z - ~&- ®) s 1
: (;\ E==sy + Bestfit % SM expected
B O : ‘
Kw o X Q’S eyl <1 j
N
b ? &
- -
t \(J’OQ 1
NS :
[i<.| —— ;o\‘?o & .
- § O .\ “\
< @b \
Kp ———— C— Q ]
|Ku| ‘; AL .X. el
L1 I Ll 11 | L1l I 111 l 11 l L1 . 0-2 0.3 0.4
-2 -1 0 1 2 3 B.
Parameter value nv

K fit is a very stringent test of the SM
Combining with invisible Higgs direct search can disentangle “Invisible” from “Undetectable” in k fit (assuming |xky|<1)
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Channels Combmation ATLAS

Simplified template cross sections (STXS)

L)

STXS: cross sections
binned by production
mode and kinematic
regions (reduces
acceptance uncertainty)

Parametrization based on
cross sections in the
H->ZZ channel and ratio of
branching ratios

19 parameters

good compatibility with SM
(p =89%)

results with higher
granularity (full Stage 1)
also available

STXS: More model independent way of combining different decay

ATLAS Preliminary Total Stat.  Syst.
i B. /B 0.8g 1014 (1012 4007
(s=13TeV, 36.1-79.8 fb" "z 86 012 (011 —006)
BB 063 05 (+o 122 m.27)
my=125.09GeV, |y, | <25 5~ 2Z 69 028 (018 -022
H Byy/Bsy 0ge ‘018 (1013 w012
p.. =89% ww 86 016 (-0.11 -0.11)
SM B.. /B = 087 1029 (1022 4019
—e—Total Stat. 7 g 87 024 (_019 —0.14)
== Syst. || SM = 0 3 ) 3 3
Total Stat. Syst.
r 40.18 ,40.16  +0.09
99—H, 0-jet x B, 129 547 (L0115 —0.08)
_iet pH 4043 ,+0.37 +0.23
gg—H, 1-jet, pl <60 GeV x By, 057 547 (Coas oo
i H 40.38 ,+0.33  +0.18
199 —H, 1-jet, GOSpT<120 GeV x B, (7} 0.87 ‘934 (o310 —015)
: 4081 ,+0.71 +0.39
gg—H, 1-jet, 120 < p'; <200 GeV x By, [=w] 130 *075 ((o6s 030
Sjet, pH 40.84 +0.73  +0.43
gg—H, > 1-jet, pY 2200 GeV x B, (= 205 “050 (loear 0.39)
et pH +0.56 ,+0.46 +0.32
gg—H, > 2-jet, p'l <200 GeV x By, e 111 20et (Coaa 029
4045 ,+0.36 +0.27,
qq—Haqq, VBF topo + Rest x B, L] 157 538 (o3> _021
— +1.35  +1.31  +0.32
aq—Haq, VH topo x B, 012 43 (Ll —024)
j +1.51  +1.34 4069
qq—Haqq, p’T >200 GeV x B, == 095 ius (1129 _072)
124 ,+1.02  +0.71
qq—Hlv, p¥ <250 GeV x B, ="l 2.28 J-r1.o1 (085 088
v +2.32 +1.44  +1.81
gq—HIv, p¥ > 250 GeV x By, I:{-E—I 191 s (Lo oes)
v +1.26 ,+1.01 +0.76
199/qq—Hill, py< 150 GeV x B, FEF-| 085 155 (oog 122
v .29 +1.02 +0.79
99/qq—HIl, 150 < py< 250 GeV x By, === 086 173 (Jo0 -0.70)
v 43.03 +1.87 +2.38
,pY = ===
99/qq—>HlI, p7 = 250 GeV x B L 292 50 (L1330 —071)
40.39 ,+0.30 +0.24,
ftH +tH x By 144 o33 (Zo27 —0.19)
P I T S S NN R S S R BN S R SR | L P !
-10 -5 0 5 10 15

Parameter normalized to SM value

channels that can be used to constraints BSM models
BR ratios introduce large correlations

07/31/19

goH

Haq

V(lep)H

i

S.Heim
E>|> bR MR ' | ! ! | |
ATI AC Dyaliminan

¥> 1 I e B E “Tal AR RIIRI=Y] '_‘&
= Vs=13TeV,245-139f0" z. 3
o - . =
é1> : H= 4'“7' :
& ot T SM Higgs boson a
102 & —=
1073 B K fit |

E oy No BSM contributions to loop+T',

[
.

107

] |III|

I

e
7

mg(my) used for quarks

ol Il
T +

|
7

1.2

IIIIII

K OF Ky

!

0.8

IIIIII

—e

.
|—§o—|

107"

10 10°
Particle mass [GeV]

Justify the change form A Higgs boson to
“THE SM Higgs boson”
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g yt/H g Ty -~ H C Amendola S Shrestha
t . ~ Y ‘ Larger Br-H :

T T T T T T 1

g H g > ---H decay bb
WW R
HH production at 14 TeV LHC at (N)LO in QCD 10SMevents | ,

~~~~~~~~~~~~~~~~ My=125 GeV, MSTW2008 (N)LO pdf (68%c) ag produced @140fb! 10°
TT N 10°
cc 10
3 ZZ 10
tH o 10°
1= Z

! 107

ik uu
1 | 1 1 (] 1 1 1 0'8

H
w
N
-
o
-
N
w
EN

bb WW gg A2 cc ZZ Y ZY uu Rarer Br-H decay

* Once also Higgs Mass is measured SM Higgs interactions fully determined:

. H}g S pScl)\’;IentiaI and self interactions predicted = measure self coupling \ is a fundamental test
of the

* Small cross-section - negative interference between the HHH and box diagrams
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HH and Higgs self-coupling

C. Amendola S. Shrestha SA. Tayloe

CMS 35.9 o' (13 TeV) p : . ; . T R
3500CMS : _ _ 35.9 b (13 TeV) ATLAS RPN 5 SRR AR LA B AT AR I T
Do Py AR L=~ TR I | I -
Expocied 88.8.5M 3000 - - - = Median exp L o3 (pp o HH) =33.51b Expected +26 | ? _____ 7 |7 Obs.95% CL limits
I 6% d 1 O b O I | Lo od s ooomnmine, < e
bbbb N % 2:533; F\\ ) 8 Obs. Exp. Exp.stat. | g 1L = il e
Observed 74.6xSM . 2500 B —— * HH- bbr't 125 15 12 w E I | — o
Expected 36.9xSM o) #5388 Theoretical Prediction r b o F
99—HH = L \ HH-> bbbb | 129 21 18 | N i WBry
ggzzﬁd . % 2000 : S HH—> bbyy 203 26 2 [ Allowed K, interval il
oo 25151 e ObS?WGd l_ : rr— 160 120 7 [l s E s
- -~ - Median expected 8 1500 L | F Obs. L Exp. ; 3 |l comb. 1o (exp)
bbyy : HH- W'Wyy 230 170 160 [ Xp. stat. ATLAS ]
Erpecied 15.0M M 2% expecied © 1000 i w | 205 305 240 | i e ol Vs =13 Tev it
95% expected : HH-> bBW'W (-5.3-11.5) | 275-36.1 1" iy s
““““““““““““““““ - ' i i = Theory prediction
Comtined soof / comnes| J e o s e I R B L
e .\ I A A A
’ ) L ) . NG < i, 95%CLupperlimitoncsggF(pp—)HH)normalisedtocss:‘F LY
6 7 8910 20 30 40506070 100 200 300 400 -20 -15 -10 -5 0 5 10 15 20
M k =l /A’ o . . — . o . . .
957% CL on 3 i 95% CL limit for k, = 1: 95% CL confidence intervals:
SM combined limit: 22 (13) x gy _
o o BSM obs (exp) constraints:
e Run | combination obs (exp) limit: 1B <k <18.8 (—71< ki < 13.6 6.9 (10) X SM obs. (exp.) k: obs. [-5,12] (exp. [-5.8, 12])
43 (46)x0gm —N.8<k), <18.8(-7.1< k), <13.6) A . , . .0,

Combining several channels (dominant bbyy, bbtt, bbbb) Getting closer for HH sensitivity ~10
times SM

Systematic plays important role for bbbb
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S) Self couplings probed using STXS S.Heim o

b BERKELEY LAB

1
V(H) = gmi H’ DB+ O(H) H Self-interaction from single-H

combined measurements

usually studied in di-Higgs searches example:
y o q ATLAS
it is possible to extract the self-coupling in v O Ce---H
single-Higgs events through NLO EW oo
corrections S ¢

1.4 —

o(x.)/ oM

use inclusive XS for ggF, ttH <12
use STXS bins for VBF and VH §

B \
. . . Oggr / Oggr
assume all single-Higgs couplings to be SM o,e/m,%

/] O.SM

A3 0.4 _GWH/O.S
flt fOr K = o2b Ozn/ Ozn
A7 s(SM) ot
[K)\ =[-3.2,11.9] @ 95%CL (di-Higgs: [-5,12]3 i
L. . . G. Degrassi et al., JHEP 12 (2016 080)
results similar to di-Higgs fit F. Maltoni et al., EPJC 77 (2017) 887

* Interpretation of combined « fit to constrain A, via Higgs induced EW corrections

i ;3 /Qa)wte strong assumptions (only BSM effect is A; modification) but complementary to HH search
7/31/1 35
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BSM Higgs

e ... since we have observed 1 scalar field it is legitimate to search for additional
(pseudo)scalars

* Look also for NON-SM Higgs decay (invisible, LFV, ...)
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Higgs to Invisible

35.9fb" (13 TeV)

I

SM
n
3}

N

—
(6)]

95% CL upper limit on o x B(H — inv.)/o

CMS Preliminary
—e— Observed
--©-- Median expected

- 68% expected

95% expected

| |

11 1 I 1 1 1 1 l 1

Combined

oL 1L 2L
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2 B | | | | | ]
T 1 ATLAS _
T L \s=7TeV, 4.7 fb" ]
m B Vs=8TeV, 203" i
c 0.8 \s=13TeV,36.1fb"  —
2 = Observed limit i
é gassss Expected limit 1o i
= 0Oceaman=s  wamm Expected limit £26 —
- All limits at 95% CL
L ’
o 04 —
:) -

| | | | |
0 V(had)H Z(lep)H VBF  Combined Combined Combined
Run 2 Run 2 Run 2 Run 2 Run1  Run 142

"« Upper limit at 95% CL on
BR(H—inv) obs(exp) 0.26(0.17)

* SMinvisible decay H->ZZ*->4v very small BR (~1 per mill) no sensitivity to that:
 Sizeable invisible BR would be a BSM effect

* Important to disentangle other non-detectable contribution to total width
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From Channel combination =

CMS ot CMS ot
- TR Ty =3 ATLAS Preliminary [_] Obs. 95% CL
© Vs=13TeV,245-79.8f" -ceeee- Exp. 95% CL
m,, =125.09 GeV, [yH| <25
hMSSM
1 1
2HDM Type | .‘: 2HDM Type Il
—— Observed 95% CL { B — Observed 95% CL
""" Expected 95% CL --=-- Expected 95% CL 1 O — -
1058 -06 -04 -02 0 02 04 06 08 105 e0e 04 02 L 02 00 06 0s ~ -
cos(p-a) cos(p-a) = -
CMS 35.916" (13TeV) CMS 35915 (13TeV) i l
%10 %10 = -
s s
1 1
1 | 1 | | 1 1 1 1 | | ‘I“. | 1 I | 1 | |
2HDM Type Il i 2HDM Type IV
o | 00 300 400 500 600
""" Expected 95% CL ---=- Expected 95% CL
1098 -06 -04 -02 0 02 04 06 08 1058 -06 -04 -02 0 02 04 06 08
cos(B-a) cos(p-a)

m, [GeV]

* Quite stringent limits from on-shell Higgs coupling measurements
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16CMs 19.7 b (8 TeV) + 35.9 b (13 TeV)
T B LA AL i e i s
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= r Expected + 1o ]
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CMS

Local p-value

Observed 8 TeV
Observed 13 TeV

Expected 8 TeV
- Expected 13 TeV <3
_12 .
1077 Expected 8 TeV + 13 TeV E
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19.7 6 (8 TeV) + 35.9 fb™" (13 TeV)
O A B e S

Observed 8 TeV + 13 TeV

80 85 90

95

100 105 110

Low Mass X-2yy search

S. Zhang

e Normalized Upper limits on o x Br:

— Minimum (Maximum) Limit:
0.17(1.13) at my = 103.0 (90.0) GeV

e Expected and observed local p-values:

— 8 TeV: Excess with ~2.00 local
significance at my = 97.6 GeV

— 13 TeV: Excess with ~ 2.9¢ local
(1.470 global) significance at my = 95.3 GeV

— 8TeV+13 TeV: Excess with ~ 2.80
local (1.30 global) significance at my = 95.3
GeV

& More data are required to ascertain the
origin of this excess.

Events / GeV

Data - best-fit model

9000
8000
7000
6000
5000
4000
3000
2000
1000

~2.86 local effects, not confirmed by ATLAS (though lower sensitivity)

Difficult to model Z->ee background since it has a resonant (and distorted) shape

07/31/19

>

frrerereer lII|
BERKELEY LAB
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Low Mass X=2yy search )

0/T8M
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Statistically ATLAS is more powerful since it uses 80fb-! of Data:

méln/i!ysm dominated by systematics on bkg. Modelling Spurious Signals (it can be improved with more MC) and Z->ee modelllng



Search m,,
TeV (2016) data

Signal region 1: one central b-quark jet + at least
one forward jet; Signal region 2: two central jets
(at least one b-quark jet) + no forward jets + low

ptmiss

—{12 70} GeV in 8 TeV (2012) and 13

8 TeV: Local excesses of 4.2 (2.9)c near m, =28

GeV for SR1(2); 13 TeV: local excess(deficit) of 2.0

(1.4)c for SR1(2)

Observed limits exclude scalings consistent with
qq (1.5) or gg (2.5) production mechanisms

More data required for definitive statement

pnpjb CMS
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19.7 b (8 TeV CMS 197fb (8 TeV
= 25T e s 40 R
O] . ) (O] L ’_
r SR1 = Signal+background fit 7 E SR2 — Signal+background fit E
((3 L meees Background-only fit (C\DJ 35 F weees Background-only fit
20 ] ~ C
n [ 0 30
r 25
> > F
31150 3k
C 20
10_ 15 .
o 10F
- 5F
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20 30 40 50 60 70 20 30 40 50 70
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120 S, Lk R 1 . EE—— o 3BIN(3TeY)
8 SR1 = Signal+background fit 8 SR2 = Signal+background fit
100 e Background-only fit ! o~ 140 :_ ----- Background-only fit -

40 50 60 70 20 30 40 50 60 70

m,, [GeV] m,, [GeV]

S. Gascon-Shotkin
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Rpjb ATLAS )

ATLAS Prellmlnary =
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NEW result form ATLAS with FULL Runl + Run2 data just released today!

Since there is no signal modeling ATLAS selection mimic closely CMS one
No significant excess observed in the vicinity of 28 GeV
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H+/H/A ... AMSSM ..

A.Kaczmarska S.Gascon-Shotkin

October 2018 &4 CMS Preliminary 35.9 b7 (13 TeV)
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Flavor Anomalies )

D. Tou e 2HDM models predict deviation in Ry« and Ry measurements.

e LHCDb performed precision measurements of SM :
» Rpt > uuy, :2.lo
> Rp+, 7 three-prong decays : 1.1o
» Ry :2.50
> Rgx:12.20at0.045 < g* < 1.1, 2.40at 1.1 < ¢* < 6.0

* LHCb results consistent with the SM so far. Need better sensitivity to
constrain SM and NP.

In general extension of the Higgs sector could strongly impact flavor physics
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Closing Remarks el

e At 7 years from the discovery we have now a much more clear picture of THE Higgs
boson properties:
* We know it is spin O and its interactions with bosons are mainly CP-even
* We know its mass at 2 per mill accuracy

* Increasing precision in all measurements

* Bosonic sector:
* inclusive measurement at ~10% precision
* differential measurement probing extended phase space with increasing accuracy

* Interactions with Fermions:
« 3" generation (t, b, t) fully established with uncertainties approaching ~20% level

* Most 1promising channel to access couplings to 2" generation is H-> pu: 3o sensitivity achievable at the
end of Run3 combining ATLAS+CMS: next milestone in Higgs physics

 Still agreement with SM predictions
* HH and self-coupling very challenging: we may get close with HL-LHC

* BSM studies: new bosons and non-SM decays
* very active experimental program but no sign of BSM physics observed up to now

* We have only analyzed a small fraction (~¥5%) of the expected LHC data:
* so the best is still to come, and maybe in 10 years form now ...
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... you’ll need to change the conference name AGAIN!
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Thank you for your attention !
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BERKELEY LAB

LLLLLLL Borkeley National Laboratory

Backup
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Higgs to Boson decays

* H->ZZ*-> 4| and H->yy are clearly the best experimental signatures with fully
reconstructed final state

 allow measurement of the mass (< 2 per mill level)

* Backgrounds small and/or determined in situ (now also true for 4-leptons ALTAS
analysis)

* Small BR: need large luminosity
e |deal channels for fiducial differential and STXS measurements

* More challenging H->WW->|vlv
e Larger BR but systematics on background already playing a major role

07/31/19

48



>

H-> 4leptos updated with full Run2!

CMSPrellminary2016+2017+2018 137.1 6" (13 TeV) % L L B B R B S R IR IR RS
> - T T T T T T 1 | . . |
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~ 300 - i []qq—2ZZ, Zy: ] Q N Z e Data i
..g C BN 99—2ZZ, Zy n _g,) 120 — [ Higgs (125 GeV)
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T 2501 3 o - wocw -
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D. Di Croce H-> ww BERKELEY LAB

» Opposite charge leptons with
pP1 > 25 GeV and p~P? > 10 (13) for u(e).

Number of
leptons 1
r > 30 GeV and MET > 20 GeV.
2 leptons 4 leptons _
3 leptons * b-tagged jet veto.
Number WH= 3| : : -
of jets - ZH-4l CMS simulation 35.9 b (13 TeV)

0-jet DF ggH-tagged 509.4 events

0 jets 2 et O-jet SF ggH-tagged [EPRIVRIRTINE
’ 1et U e

1-jet DF ggH-tagged 313.3 events

Flavour of Flavour of 1-jet SF ggH-tagged 92.7 events

2-jet DF ggH-tagged 103.3 events I

SF DF SF DF 2-jet DF VBF-tagged 31.2 events

2-jet > VH-‘aQQEd m
ggH-tag} [ggH-tag| lggH-tag| fggH-tag ggH-tag| | VBF-tag VH-tag]

3-lepton WH-tagged 5.6 events

4-lepton ZH-tagged 2. 7 events

SF: Same Flavour (ee/ ) 0 0.10203040506070809 1
DF: Different Flavour (ep) Signal fraction
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D. Di Croce H‘> ww BERKELEY LAB

07/31/19

Signal strength measurements X “:' 7 NS

HIGES HUNTING

- Signal strengths (a/a5,,) measured from a simultaneous binned likelihood fit of all
signal and control regions.

-1 -1
35.9 fb (13;|I§¥/) ; 35.9 fb (13"1(‘3“\1) 35.9 fb-1 (1 3 TeV)

0-jet DF ggH-tagged H ->WW

w=1.30 —— Combination § —— Combination

1-jet DF ggH-tagged H _ +0.21 :

Ryt ; poo=1.38 2
027 N

agH

et DF geH-tagged | ~ SM prediction
T eso H :

0-jet SF ggH-tagged _ +0.66 '

o b by =029 33 [ 6o/ Oy = 0.24

1-jet SF ggH-tagged i \'BF/ SM ) ly}ll <23

—9 .94
n=218 -0.97

2-jet DF VBF-tagged _ +188
n=0.72 ':‘:: : u“r“ =327 -1.70
2-jet DF VH-tagged H :
=392 jl'-llf : ' Swa Iep./ o
3-lepton WH-tagged H _ +1.57 :
n=223 7 H - 1.00 "5

om = 1.80 7

4-lepton ZH-tagged
w=077 _'l‘ _“"'

[Ggy = 0.71

Ozhiep! Osm =

- +4.92)
Oyn had./ Ogm = 12.88 -4.89
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Simplified Template cross-sections

* Proposed at Les Houshe’15 (Proceedings) + LHC Higgs xs working group (YR4)

e Goals:

* Measure cross-sections per production modes (ggF, VBF, VH, ttH) in different phase
space (Signal Templates: PtH, PtV, ...) reducing model dependency and maximizing

sensitivity to BSM effects
* Combine different decay channels = increase sensitivity
* Provide harmonized framework for signal theory uncertainties

* Draw backs:
* |t works well ONLY if signal split matches experimental “categories/sensitivity”
* “Staged” approach matching STXS granularity with experimental sensitivity
* Up to now kinematic information on decay not considered
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Fiducial differential cross-sections

* Fiducial differential cross-sections are the most model independent way to
measure Higgs interactions at LHC

* More suitable channels are H->yy ad H->ZZ*->4-leptons:
* Little impact/dependency of/on subtracted background
* Fully reconstructed Higgs decay with good experimental resolutions: little sensitivity to
“unfolding” (correct for experimental effects) method

* Differential distributions chosen to be sensitive to signal modeling and BSM
effects:
* Production: Pt-Higgs, Higgs-rapidity, Pt-jet, N-jets, N-bjets, A¢,;, 2D: Pt-Higgs vs N-jets
* Decay: cos(9*), M, ,2D: My, vs M3,

* In the following focus on Pt-Higgs, other distributions in backup
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Pt-nggs in ggF vs BSM physics oo
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o dodpy(H) [pb/GeV]

:FBlsharaUHalshPMonnlERe16' | 10 — g

1.4 — K= =10 ggH@LHC 13 TeV LO H+] I::lo.m
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e Higgs Pt spectrum dominated by gluon fusion production (ggF) at LHC (not true at very high Pt)

* Full range sensitive to several BSM effects:
* |low Pt: Higgs couplings to charm
* high Pt: Higgs couplings to top, BSM Top partners (A.Banfi, A.Martin, V.Sanz ‘13) , EFT operators, ...
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https://arxiv.org/pdf/1308.4771
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Comparison of uncertainties ...

CMS: 77 fb-! ATLAS: 36 fb!
PAS HIG-18-030 arXiv:1712.08895 A. David

Uncertainty source A Uncertainty source Ap
_ tt + >1b modeling +0.46 —0.46
Total experimental +0.15/-0.13 Background-model stat. unc. +0.29 —0.31
b tagging +0.08/—-0.07 b-tagging efficiency and mis-tag rates 4+0.16 —0.16
) ) Jet energy scale and resolution +0.14 —-0.14
jet energy scale and resolution +0.05/—0.04 tEH modeling 1022 —0.05
Total theory +0.23/-0.19 tt + >1c modeling +0.09  —0.11
. JVT, pileup modeling +0.03  —0.05

1 +0.15/-0.06 ’

signa / Other background modeling +0.08 —0.08
tt+hf modelling +0.14/-0.15 tt + light modeling +0.06 —0.03
QCD background prediction +0.10/-0.08 L}lmmosn.y o . . +0.03 -0.02
Light lepton (e, ) id., isolation, trigger +0.03 —0.04
Size of simulated samples +0.10/-0.10 Total systematic uncertainty +0.57 —0.54
Total systematic +0.28/—0.25 tt + >1b 11(»1’111;11ix;1ti()11 +0.09 —=0.10
tt + >1c normalization +0.02 —0.03
Statistical +0.15/-0.15 Intrinsic statistical uncertainty +0.21  —0.20
Total statistical uncertainty +0.29 —-0.29
Total +0.32/-0.29 Total uncertainty +0.64 —0.61

* Clearly Large differences!
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ttH (renorm./fact. scales)

tf+bb cross section (50%) (2017)

tt+bb cross section (50%) (2016)
multijet (norm) 9 Jets, = 4 b tags (2016)
tt+cc cross section (50%) (2017)
multijet (norm) 8 Jets, = 4 b tags (2016)
PDF (gg ttH)

multijet (norm) 9 Jets, 3 b tags (2016)
multijet (norm) 8 Jets, 3 b tags (2016)
multijet (norm) 7 Jets, 3 b tags (2016)
multijet (norm) 7 Jets, = 4 b tags (2016)
jet energy scale (1)

b tag charm (linear) (2016)
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Bkg. “shape
uncertainties”

tt+>1b: SHERPASF vs. nominal
tt+>1b: SHERPA4F vs. nominal
tt+>1b: PS & hadronization
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tt+>1b: ISR/ FSR

ttH: PS & hadronization
b-tagging: mis-tag (light) NP |
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nergy resolution: NP |
ttH: cross section(QCD scale)
tt+>1b: tt+>3b normali
tt+>1c: SHERPASF vs. nominal
tt+>1b: shower recoil scheme
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Jet energy resolution: NP I
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Channels Combination CM

M. Primavera

2
CMS 3591 (13 TeV) rsH — H
. M .
10°F gg—H e Observed . I H 1- (BRundet. + BRmv.)
— g w— +1c (Slat & syst) 3 -
= 4 — 20 (stat ® syst) 35.9fb" (13 TeV)
8 e e, g 08 e
c -

m c% OF e ) i CMS 68% CL ==-=-- 95%CL ]
@ HsW(v) & 0.5F ]
. i ’.00 o SN #+ Bestfit * SMexpected

N 3 ’ H+Z(ll'w) ’ E © P

s ] N i
M ] SR ey < 1 .
X r ] & S ]
- 1| Stage 0 Simplified Template Cross Sections - R
© T <28 : S |
< & . -
) $ O K Fit .
O <§}

< «O ]
10°F bb 1 -

s ‘ WWwW ] '

N 10F ‘ TT E “.

m 1 3 ’ E “\ ]

— i 0 < N
M0 10} ¢ up 1 i . )

i o N N
2| ] % © 0.1 0.2 0.3 0.4
10°F B
inv

Cross sections per production mode (STXS “stage0”) separate error of measurement form prediction
Combining with invisible Higgs direct search can disentangle “Invisible” from “Undetectable” in k fit (assuming |xky|<1)
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BSM HH resonant production
S. Shrestha QQSC}MQM&

C. Amendola
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observed expected SM value ref L. Truong 0
it Observed data agrees with
H—uy 5.7-10 4.1-10 2.2-10" CMS-HIG-17-019 7 onVBE 7, VBE it 10n-VBE s VBF expected backgrgun 4
Signal 287 +23 14.6+1.9 1200 + 120 25+5 .
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A look to the (near) future HH o

Detect Uncertainti
B.M Urray (nor-[::ﬁzr;/tion MC statistics: Data statistics: “m?taet‘i:oc:‘;: O’r‘f;e;:’;é‘:f Luminosity:
& modeling): neglected reduced by a unchanged or as Ia?test 1%
. factor 1/VL revised from published
E. Fontanesi halved TDR studies results
Experimental uncertainties
, scaled down with VL until a lower threshold 3000 fb™' (13 TeV)
L L I L I L I LI I LI | T T T L
. CMS Projection i
— :lhi.... e e 15— N
% = e . — w/ YR18 syst. uncert. (fai=0) .
O] — e e | /|
X i R w/ Run 2 syst. uncert. (fai=0) ;
Q0 -1 - !
A&m = . --- w/ Stat. uncert. only (fai=0) D4
=+ E ATLAS Preliminary e ‘ '
©1© [ Projection from Run 2 data
oS ) o +1.0
21— — -1 —_— . ’
102 = (5=14TeV, 3000 b - ,=4.1-71 MeV ; ‘
- Hoyy+H->ZZ - 4l /
1073 __ ) HL-LHC No Sys |
= [ HL-LHC Sys. + Stat. N ®%CL S/
— [ HL-LHC Scaled Sys. + Stat. \ s
M IR PP BN I B I B T . . — | . //
g le S
‘(-U' 1 . | 11 1 1 | 111 1 | 1 I\ ,l | | | | |
T 09 0 2 3 4 5 6 7
O 10 20 30 45 60 80 120 200 350 1000 r (M ev)
Py [GeV] H
Better than 10% up to 1 TeV Combining ZZ on-shell + off-shell
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E. Fontanesi
M. Cepeda
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A look to the (near) future HH

Statistical-only

Statistical + Systematic

ATLAS CMS ATLAS CMS
HH — bbbb 1.4 1.2 0.61 0.95
HH — bbrr 2.5 1.6 2.1 1.4
HH — bbyn 2.1 1.8 2.0 1.8
HH — bbVV (llvy) - 0.59 - 0.56
HH — bbZZ(4l) - 0.37 - 0.37
combined 3.5 2.8 3.0 2.6

Combined Combined
4.5 4.0

3000 fb”' (14 TeV) ATLAS and CMS HL-LHC prospects
- + ' HL-LHC prospects e -
bbyy Lo il v 2 | i | SMHH significance: 40
—— CMS = I ' o
_ H | = + — —— Combination ﬁ 10 C o 01<K1<23 [95°Aa CLl
bbtt HE—— HI—— Stat. uncertainty v : 0.5 < k1< 1.5[68% CL]
VEGE '—,_‘—| — 99.4%cL 8. il /N
—_ —_— - '
| oL
bBVV(Viv) | " : ——
~ | o 95% CL af— v\ oo et
bbzz(4)| : o !
1 2f
combined — 68%CL [ "t % 3 O gl

) ATLAS and CMS 3000 fb' (14 TeV)
I HL-LHC prospects

—— ATLAS
—— CMS
—e— Combination

3ab1 (14 TeV)

—— Combination

-- bbyy

** bbrr

*" bbbb

bbZZ*(4l)

-~ bbVV(lviv)
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nujb ATLAS

ATLAS-CONF-2019-036

Preselection
2 OS muons with || < 2.1 and pr > 25 GeV
Leading muon pr > 27 GeV (13 TeV dataset only)
my, > 12 GeV
>2 jets with pr > 30 GeV
> 1 b-tagged (60%) jet with || < 2.4
SR1 SR2
Exactly one jet with || < 2.4 | Exactly two jets with || < 2.4
> 1jetwith2.4 < |n| < 4.5 No jets with 2.4 < || < 4.5
MET < 40 GeV
A¢ (jet,jet)> 2.5

NEW result form ATLAS with FULL Runl + Run2 data just released today!
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