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* Infroduction
» Experimental Detectors performance
 ENnd of Run 1 status
» Higgs results with ~36 flo! of data @LHC Run 2:

* Yukawa coupling to fermions:

« VHH - bb

ttH production
* H—- 11
Second generation fermions: H - ppand H —» cc
Lepton Flavor Violation H — t (e/w)

* Bosonic channels:
s H—- WW
s H— Z/
e H— vy
 Combination:
» Higgs boson mass measurement
« Cross section measurements
 Self coupling:
 HH production mode

" 8/(3+B) Weighted Events /1.5 GeV’




Higgs couplings

BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS*
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* Higgs boson couplings to EW bosons allows to normalize WW — WW scattering.
 In the SM the Higgs field couples to fermions through a Yukawa interaction,

proportionally to the mass of the fermions.

» Deviation of couplings, asymmetries in up/down type quarks, evidence of (large)
lepton flavour violation or flavour changing neutral current would e signs of new
physics.




Higgs boson Discovery

The Nobel Prize in Physics 2013 was
awarded jointly to Francgois Englert and
Peter W. Higgs:

"for the theoretical discovery of a

mechanism that contributes to our The 2013 Principe de Asturia
understanding of the origin of mass of award for technical and
subatomic particles, and which recently was scientific research to:
confirmed through the discovery of the Francois Englert, Peter Higgs,
predicted fundamental particle, by the CERN

ATLAS and CMS experiments at CERN's
Large Hadron Collider”.




Higgs Decay Modes

g ! ' T T 1 _
s
E 10 1@ ‘ 3
v ' - » Higgs boson first discovered from
%10_2 i the analysis of its decay to the
T e bosonic channels.
10°% E * Fermionic decay modes provide
. direct measurement of the Yukawa
1055 200 300 400 1000 couplings.
cc My [GeV]
29% YY : . :
/72 0% * H = yy can also provide indirect
2-6/%/ measurement of couplings to quarks

at LHC (via virtual loops).
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Higgs Production Modes at LHC

M(H)= 125 GeV -

i

o
N
|

Total x-section:

[Pb]

0 EW)
C +N~L
N (N3LO
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[ II
LHC HIGGS XS WG 2016

17 pb (17000 evis/fb') @7 TeV
22 pb (22000 evis/fb') @8 TeV
55 pb (55000 evts/fb') @13TeV
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o
|
|

* ggH is the main
production mode at LHC.
Provides indirect
measurement of couplings

107" = to quarks via virtual loops.
 ftH provides direct
1021 _ measurement of Yukawa
IE| [ | LIl | Ll L] | [ | | LIl | [ | | [ | | | ‘ | E| COUp”ng, bUT They Ore nOT
6 7 8 9 10 11 12 13@1[4I'e\1/]5 easily accessible.
g 7 q -?ff Wiz g t
g qzq 4>VJH:H gzr
| (a) gg = H (b) VBF (c) VH (d) riH
87% 7% 5% <1%
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Higgs Run 2 Results




Run 2 VH — b-bar

*Most abundant decay mode (58%), but challenging due to the multi-jet background.
» Tag VH production mode and use MVA analysis to boost sensitivity.
*V/ — bbaris used as benchmark.

« CMS added the search for boosted production g/gH(—bb) in Run 2.
JHEP 12 (2017) 024

JHEP 12 (2017) 024 o T T LI LR B
> 2 C T | LI | LI L | 1T | LI LI | LI LI LI ~— ATLAS —o— Data
o C . . S i mm VH — Vbb (u=1.20) |
(— pd}H .
O 18 éTiéjgm’glatlon / » 10%E Vs=13Tev,36.1 10" -glboson —
o) - = s 90 ) T = i . . 3
~ | [ Powheg MINLO SMZH— I'Tbb : b o - 0 £9p ton, 2 jets, 2 b-tags - %n?t:g top bi) 3
o ; ) - > 150 GeV I VV+ ,0C,CC, -
) = 2leptons, 2 jets, 2 b-tags I \ L - P, = Wacl g
C 4L PZ2150Gev Wl
5 14F PO 10° = Z+(bb,bc,cc,bl) _
> ‘o T[] Standard Jet Calibration (Std.) ELA}@«\ . %:ﬁ' 3
9 ) - /A Std. + u-?n—l:et Correction . I ] Uncertainty _
= C O St +p-injet+PtReco Correction o Wy - B Pre-fit background ]
_e 1 — gr  Std. + p-in-jet + Kinematic Likelihood Fit e —SMVH — Vbb x10
C ) : 5 ‘ n
< 0.8 O 6 (Gsw. G)/Gsw. '. 10 =
L ——152Gev 0% ) =
06— === 132GeV  13% [ .
C == 12,4 GeV 18 % ‘%‘
04— — 88Gev 42% B 10
— A
0.2 S
~ HNH TS
C pe TN Nl s
0 nElnmm ST ) | | | Bl % c SN
20 40 60 80 100 120 140 160 180 E 05 :_I 11 | L1 1 | L1 1 | 111 | L1 1 | L1 1 | 111 I 111 | L1 1 | 11 I_:
m,, [GeV] 84 08-06-04-02 0 02 04 06 08 1

BDT,,, output
* Analyses tfarget events where H —» bl candidate recoils against V boson

« Channels: V decays to vv, Iv.and Il (I=e,w)
* Boosted Decision Trees (BDT) to separate signal and ttbar and Z backgrounds
« Dedicated b-jet energy calibration to improve m__ resolution




Run 2 VH — bbar

—~ JHEP 12 (201|7|)| 02|4| T T 1T | L | 17T | T CMS HIG 16 044
S 12F atLas | "+ 'Data ccepted Phys. Lett, B 35 9fb (‘SITGV)
7 - Vs=13TeV, 36.1 fb” = \é:'l:) (Zo\:lbb (1=1.30)] CMSVH b

. B pp — -
5, 10 0+1+2leptons 3 Uncertainty ] Combined 1 = 1.2 + 0.4
_6 | 2+3jets, 2 b-tags -
8 8__ Weighted by S/B Dijet mass analysis - ZH(bb)

- i ’ w=09+05
© L _
Qe - 7
= o i WH(bb)
% i ] w=17+07
= 7 : S

i ] 0 lept.
> o 7 n-00tos| T W
Q) - i
2 N N 1 lept.
- w=19+06
12/
GC) —2_| | 111 | 1 11 | 1 11 | 1 11 I 1 11 | 111 | 1 1| | 1 11 | — 2 |e t
Lﬁ 40 60 80 100 120 140 160 180 200 u=1F.)8-J_ro.e
PR SR NN T P I N S R
My, [GeV] 10 1 2 3

L(11,0,)  » Bestfit fixing mu, e.g. u=0 “conditional fit’ Best fit u

A(p) =—21In ﬁ('&‘_é) p Best-fit max |h, “unconditional fit”

ATLAS Run 1+2 p=0.90 + 0.18(stat.)*9-2}(syst.) w:=0-B/( GB)SM
» Evidence of VH — bb production from both experiments

Observed (Expected significance) Run 1+2 comb.
ATLAS 3.6(4.0)c
CMS 3.8(3.8)c




Run 2 q/g+H — b-bar

» Target inclusive production mode (mainly ggF) where a boosted H —» bbb candidate
recoils against a high-p, jet of large radius.

» "Soft-drop” dedicated jet substructure to tag large-radius jets containing two b-quarks

- _PRL 120 (2018) 071802 359 fo .“|3.T.e\.’L
8000 =
8 = CMS 450 <p_<1000 GeV ~ ---~ w ]
C_ htagaer Z ]
: 7000 = doub.Ie btagger e . q/g
n - passing region - Multiiet .
2 6000 j o= :
CICJ o g Total background ] J et
> - I H(ob) -
L 5000:— + Data —:
4000 = 3 —
N
- 1 3 )
3000 N ©
= - ©
2000 - = 2.5 g
- - (@)
1000 = 5 S
il= - <
It T N
| 1
B 1.5
i 1 6
S| %060 80 100 120 140 160 180 200
Mgy, (GeV) 4
0.5 5
« Significance of H - bb: 1.56 (0.7 c exp.) g 0

« Z — bb observed with > 5 ¢ significance 420 2 4 0 u8
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Higgs ttH production

« 13TeV/8TeV Cross-section ~3.9: sensitive to potential new physics and
quickly improving Run1 sensitivity for SM production.

g > |4




CMS ttH(bb) Results

 Profit from large H — bbb BR. Leptonic ttbar have higher purity.

« Difficult final state due to huge combinatorics in event reconstruction and large 1t + HF
background with large theory uncertainties.

» Bkg. Discrimination from BDT, ME and DNN are used to exfract signal.

3597 (13 Tev)

Events / Bin

10°E
102—
10"-%—

10

CMS Preliminary

Background
[ Signal (u=0.72)
—SM (u=1)

L.

1.4
12
1.0

0.8
06

Data / BKkg.

p
f
L
N
PRI % 7 P T

25 2.0 -15 -1.0 05
Pre-fit expected Iogm(Sf‘B)

920-L1-SVd-DIH-SIND

Uncertainty source

+0y (observed)

total experimental +0.15/-0.16

b tagging +0.11/-0.14

jet energy scale and resolution +0.06/-0.07
total theory +0.28 /-0.29
[__tt+hf cross-section and parton shower +0.24/-0.28 |
size of MC samples +0.14/-0.15
total systematic +0.38/-0.38
statistical +0.24/-0.24
total +0.45/-0.45

*Main systematics: tftbar+HF theory, b-tagging and jet energy calibration
u=0.72+0:45 ; Obs (exp) significance: 1.6 2.2) &
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ATLAS ttH(bb) Results

* BDT to decide jet assignment and separate signal from background.
« Signal extracted from combined fit of classification BDT output in SRs and event
yields in most of CRs

- arXi\]/:1 71 ?'088.95 1 r . | ' ] | l

S 10°F ATLAS ¢ Data W [ + light Uncertainty source Ap
¢ 5=13TeV, 361" [Jfi+>1c [+ >1b O +V I + >1b modeling 046 —0.16
S 10" F Single Lepton [JNon-tt ~/ Total unc. ---1tH Background-model stat. unc. T0.20  —0.91
w o[ Post-Fit b-tagging efficiency and mis-tag rates +0.16 —0.16
10 Jet energy scale and resolution +0.14 —-0.14
5 ttH modeling +0.22 —-0.05
107 tt + >1c¢ modeling +0.09 -0.11
10° JVT, pileup modeling +0.03  —-0.05
Other background modeling +0.08 —0.08
10° tt + light modeling +0.06 —0.03
Luminosity +0.03  —0.02
10° Light lepton (e, ) id., isolation, trigger +0.03 —0.04
Total systematic uncertainty +0.57 —=0.54
) 10 tL + >1b normalization +0.09 -=0.10
E 1.25F tt + >1c normalization +0.02 —=0.03
oy Intrinsic statistical uncertainty +0.21 -0.20
§ 075 ¢ 1 Total statistical uncertainty +0.29 —0.29
0 C.‘;.;;sJr Cg l Oﬁosj 8,9?- Sgﬁ- S%er(?ﬁ; q, C;t;sq, C,q:sﬁ S,t;: 39 S;;u@, S,r,: 5 Total uncertainty +0.64 —0.61

tetign,  e2ry %G Welign,

» Precision limited by systematic uncertainty on ttbar+>1b simulation
«Best fit ©=0.84+% . Olbs (exp) significance 1.4 (1.6) o

O(ﬂ’
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ATLAS ttH(H->WW, ZZ, ©7)

» / categories split by number and flavour of charged leptons

* Main backgrounds events from ttTW/Z and tt with non-prompt leptons
* MVA 1o reject non-prompt and charge misid backgrounds.

» Event classified with MVA approaches

arXiv:1712.08891
[ T | T T T T | T T T T | T T T T | T T T T | T T T
- ATLAS ¢ Data
| {s=13TeV, 36.1 fb" M tH (1 =1.6)
Post-Fit Mt (=1)

[]Background
7 Bkgd. Unc.
....... Bkgd (U'=O:|
---- Pre-Fit Bkgd.

x\@& Analysis categories

QA

Events / bin

10°

2

&

10?

—
=]
Al

Data - Bkgd
Bkgd. Unc.
ocmo nd

N(e, H)

Iogm(S.fB)

* Main systematics are signal and background modelling and jet energy scale.
e u=1.6"°_,: Obs (exp) significance: 4.1 (2.8) ¢
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CMS itH(H->WW, ZZ, t7)

» Event categorization in lepton flavor, charge and b-jet multiplicity

» Extensive usage of MVA methods:

* Lepton selection combining isolation, identification and vertex variables
* Resolved hadronic top decay and Higgs decay product taggers

« BDT discriminants based on kinematic variables, e.g. AR jet)

« Matrix element calculations for 2I+1t__, and 3l+0rt, _,

» (CMS _arXiv:1803.05485 359 fb’(13 TeV)
g i
LI:j lllllllllllllllll .
Source Uncertainty [%] Ap/u [%] o |
e, y selection efficiency 2-4 11 E 3
Ty, selection efficiency 5 4.5 - ’
b tagging efficiency 2-15 [57] 6 - ‘om0 -
- Data
Reducible background estimate 10-40 11 B - -1 23)
Jet energy calibration 2-15 [65] 5 E [[JBackground
T, energy calibration 3 1 -
Theoretical sources ~10 12 i -
Integrated luminosity 2.5 5 o 2 = | | |
S[g of—s —
8l LE 3

5 4 3 2 - 0
log, (S/B)

* Main experimental uncertainties: lepton efficiency, non-prompt background
prediction, signal and background modelling

o u=1.23"% . Obs (exp) significance: 3.2 (2.8) ¢

043/

Luca Fiorini

15




13 TeV ttH Combination

« Combined results include ttH(yy), very pure final state with low yields

. arXiv:1712.08891  (tot.) (stat, syst) LI 10T T e (e
ATLAS {s=13 TeV, 36.1 fb"! CMS HIG-1 7-035_C|VIS ey
—total stat. EHOWW) ______ —— +20 (stat ® syst)
fiH ZZ — < 1.9 (68% CL) L :
ttH(ZZ") (S
fiH E:.::| 0.6 +0.7 jO'T ’ +0.2 ] -
Y 0.6 ( 06 -0.2 ) fEH(yY) i -
_ : 0.6 03 +06 . B :
{iH bb e 0.8 % (03,5 ) fiH(rr) e ————
0.5 03 +04 tH(bb —-.-—
fiH ML  |reu 1.6 *07 (03,503 ) {tH(bb) i
........... O i
) . : 12 103 (402 403 7+8TeV T e—
ttH combined IIDI <= 03 -02: -0.2 = :
| AR I RO T A TR N N NN S S 13 TeV —:*_
-2 0 2 4 6 8 10 g
Best-fit u_ for m,,=125 GeV Combined —c@—
v b b v v b b e b v b by
Uncertainty Source A -1 (l) 1 é é 4||- 5I 6I 7

tt modeling in H — bb analysis
ttH modeling (cross section) +0.13 —0.06
Non-prompt light-lepton and fake Thaq estimates  4+0.09 —0.09

* ATLAS evidence for ttH prod. (13 TeV): Mo
e Obs (exp) Signif.: 4.2 (3.8) o

Simulation statistics +0.08  —0.08

Jet energy scale and resolution +0.08 —0.07 1 .

{1 modoling Toor —oor * CMS observation (Run1+Run2):

ttH modeling (acceptance) +0.07 —0.04 ° M=] 26+0.3]

Other non-Higgs boson backgrounds +0.06 —0.05 ’ -0.26

Other experimental uncertainties +0.05 —0.05 i if -

P To0s —o0s * Obs (exp) Signif.: 5.2 (4.2) ¢

Jet flavor tagging , 003 -0.02 e Most sensitive channels limited by
Modeling of other Higgs boson production modes +40.01 —0.01 \ , , ,
Total systematic uncertainty +0.27 —0.23 systematic uncertainties, mostly theoretical
S‘tatlstlcal uncertainty +0.19 -0.19 UﬂCeI’TOiﬂTieS.

]ota uncertainty +6§4i1 —”gh

 Other channels still s’ro’ris’ricolli limited
Luca Fiorini 16




Run 2 H — 7t Analysis

CMS PAS-HIG-16-043
* Main background is Z —» tr modelled by MC simulation,
* Cut-based analysis employing O-jet, boosted and VBF event categories
* Analysis includes leptonic and hadronic decay channels of the taus:

(ethod’ chod’ e“’ Ihodthod)

1600 CMS Simulation Preliminary 13 TeV CMS Simulation Prefiminary 13 TeV
Al I —~1800 —ar——
= - —0.05 - S [ Jo.16
2 &t agH—wr (VBF, ur) 23 H Z—vt (VBF, pt)
@ 1600 c Oi600H h
T = C ()] ""'" -
2> E - 0.04 T & [
= 1400F 2 1400
L =
- _D- -
g 1200} © -
o - 0.03 o 1200f
o ' e -
1000 [ O 4000 F
- 0.02 -
800 |- 800
600 n 600 :
400 |- a00F
L 1 5

0

00— 750 200 50 700 150 200
m,, (GeV) m,. (GeV)

« Extracting the signal in 2-dimensions : one dim is always di-tau mass (m_ . for Ojet) and
other dimension (tau decay mode . di-jet mass, higgs p;. ...) is chosen targeting specific
prod modes.

Luca Fiorini 17




H — 1t Background

CMS  Preliminary .1, VBF 35.9 fo (13 TeV)
C T T T T 1 : T T T 1 : T T 1 T : T 1 T T T
o) 0 <m, <300 GeV : 300 <m, <300 GeV : 900 <m, <800 GeV : my, > 800 GeV
E 102 . . . _E
el
c
)
>
LL
g 1 1 1 T T T T T T T 1 ! 1 1 1 1 T T T ] T T T T 1 T 1 T T T T T T T ! 1 1 T 1 T T T T T 1 T
X
el :
Ui 0
0
Q

* / - tt: MadGraph MC, with corrections from Z —» uu CR
« QCD MJ: data-driven from CR
» Other: lepton — t fake and EW

Luca Fiorini

—$- Observed
- H—1t (L = 1.06)

|:| Ztt

- Z—uu/ee
[ tisjets

- Wijets

[ ] acD mutijet
- Others

|:| Total unc.

= H-tt (1 = 1.06)

_+_ Obs. - bkg.

ERg. unc.

—_—  Hott
ERg. unc.

Bkg. unc.
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H — 1T Results

35.9fb" (13 TeV) 35.9fb " (13 TeV) 35.9fb " (13 TeV)
> 1800 N T UL I L I IIIIIIII I UL T I T L i L ' ' T ' " j i J ' ' ' ' T ' ' ' ' L ' ' T ' " j i ! ' T ' ' ' '
3 L CMS d Tl l [ CMms _ ' CMS
= 16001 Preliminary a0 - L Preliminary ] L Preliminary
(%] : — Ho1t : = . — - -
"E 1400 —#- Observed o0k " ] - I O-jet | | eLn
G>J E — Hott (1=1.06) |:|Bkg ..... E | 08202 ] | 0.66 %05
@ 1200 [z o 1 Boosted ] I o
T f M = —73 | e Boosted ] L o -
+ 1000 L[] aco muttijet ] i 037 | | 0.56
[@)) " \:]Olhers -10f 1 ] L
'q__) 800_—\:|Bkg. une. 1 1 1 1 1 . L SIS VBF | L R !'LTh |
= . 0 50 100 150 200 250 300 - i 1073031 ] B 109 37 |
o o . m.. (GeV) ] L ] i
@ 6oor Ojettg, ] I | Combined ] I | T
g 400 VBF: 7,1, E I 1.06 (P20 | I 1310
(@) N Boosted: et ut , ey, T 1, ] - _ L
C h h | ] | | Combined
200F — 1.06 _*0_-24
C 11 1 1 i 11 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 ]
0 50 100 150 200 250 300 T Y N S S S
GeV 0 1 2 3 0 1 2 3
m;. (GeV) Best fit p = o/, Best fit p = o/,

» Excess compatible with the 1256 GeV SM Higgs

» Expected (postfit) significance is 4.7 o

« Observed significance is 4.9 o

* Ojet and boosted: mostly ggH, VBF: mostly ggH

* Qjet: little signal sensitivity, but it allows to control background and
systematics.
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Coupling to 2" generation fermions

ey
\ N\ \\ b “
= R
oS \3 CATLAS
o ‘ LEXPERIMENT

Run 281411, Event 312608026
Time 2015-10-11, 18:4@ CEST

m(u, M) = 124 GeV
m(jet, jet) = 1237 GeV




» Best channel tfo measure Higgs couplings to
2nd fermion generation.

* SM BR: 2.2x10

» Clean signature, benefits from good mass

resolution

 Dominant background is Z — uu, several
order of magnitudes larger than Higgs signal,

then ttoar

» Use of kinematic of the di-muon system to for
opfimal sensifivity: n , p/* A¢ . An  and BDT.

* Run1+2 combination upper limits on on olbs

(exp.) production rate:

e <2.64 (1.89) xSM prediction @ 95% C.L.

Luca Fiorini

S/(S+B) Weighted Events / 0.5 GeV

95% CL Limit on olog,

CMS H — uu

CMS Preliminary CMS-PAS-HIG-17-019 35.9fb™ (13TeV)

8000

6000

4000

2000

o

10000[— (i 125=0.7 for my=125 GeV S/(S+B) weighted

IIIIIIIlIIIlIIII

H—>uu All categories

¢ Data
S+B fit
------ B component

= o
+ 20

200
100

~100 F

200 &

ILL

{ { } } % componen SU§ racte: *
TR Ty e e

= N W pp OO0 O N 00 ©

0 115 ) 125 730 135 740 145 150
m,, [GeV]

5.0 fb" (7 TeV) + 19.8 fb™ (8 TeV) + 35.9 fb™ (13 TeV)

CMS Pr e/iminary —=— Observed

----- Expected background only

- - = Expected (SM mu = 125 GeV)

I|IIIIIIIII|IIII|IIII|IIII|IIII|IIII

120 121 122 123 124 125 126 127 128 129 130

m,, [GeV]
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ATILAS H — uu

* Selection: - PRL119(2017)051802 .
. Two muons with p.>15 GeV _ e o
« EM=<80GeV CF Do 110
* b-jet veto e

ggH VBF
.+ 110<m <160 GeV l e |

10°

|

* In Run 2, a BDT is used to define two VBF- 107
enriched Signal Region (loose, tight).
Event failing the selection are reused for 6 :

ggH categories, based onn, and p oor -

-0.2 0 0.2 0.4 0.6 0.8 1
BDT score

1.4
1.2

Data/MC
1l *l

« Signal is parametrized with a Crystal-

Ball+Gaussian shape. best fit value | 95% CL upper
« Background is parameterized with a forofosm | limit on o/osw
BrelT—ngner+exponenfloI fit to data Run 2 0415 3.0 (exp 3.1)
INn sidebbands.

» Expect to measure H —» pu (second F‘;Sﬁ;* 01414 2.8 (2.9)

generation fermions) during the
lifetime of the LHC.
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ATLAS ZH — ccbar

» Focus on on Z(— IDH(—co) for simpler . - arXiv:1802.04329
i+i i Data 7]

background composition O 4¢'- ATLAS ) L preit -

— = Vs=13TeV, 36.1 b — Fit Result 3

E - 2 c-tags, p$2150 GeV Ethﬂets .
» Dedicated MVA discriminants to g 10 mz E
separate c-jets from light-jets and c- i D) oMy
jets from b-jets 10° E
» Cut-based event selection with fit to 10 =
mCC

1

 Simultaneous fit of signal and Z+jefts - NN AR
background 2 ég IRRRRERREREN

S "7 60 80 100 120 140 160 180 200

m . [GeV]
» Observed upper limit of 2.7 pb on 6(ZH)XBR(H — cc)
>100 times the SM prediction of 26 fo @ 13 TeV)
e Cross-check ., =0.6"° , (1.40 observed, 2.20 expected)

 Flavor fagging uncertainty is the dominant uncertainty

Luca Fiorini 23




Off-diagonal terms

I 1
Ly = —mfy frp = Vi (fLfh)h + hee.+ -

-

e Lepton flavor violation exists in Nature (neutrino oscillations), but LFV
in the charged sector is extremely suppressed in the SM.

* A number of models beyond SM predict LFV in charged sector related
to the Higgs sector at levels observable at LHC.

* Low energy results (e.g. 1 - ey, T —» eee, u-e conversion, etc.) provide
indirect constraints, but there are offen assumptions.



Events/bin

Obs./exp.

* BDT analysis significantly betfter than mass fit

Run 2 H — tu Search

* Main backgrounds are the Z — 1t , W+jets and QCD production.
* Analysis employs categorization in O-jet, 1-jet, 2-jet VBF and no VBF final states
* Both BDT and collinear mass fit analyses are used.

ar2<(1|(¥.171 2.07173 35.9 fo" (13 TeV!
= Itr '+ ' - r - 1 1 3
80 E CMS -¢- Observed [ ]Z—1t =
70F ut, 0 jet B Z—ee/up [t t+jets r
60 E- [ Diboson [ |W+jets,QCD 3
E [ SM Higgs =— H—pt (B=20%) 3
S0 -
40F E
20 ;— . —;
10F 3
0k -
1.5
1
0.5

02 0 0.0
BDT discriminator

MT, 0 Jets
0.51% (0.43%)
ue, 1 Jet
0.53% (0.56%)
bT, 2 Jets
0.56% (0.94%)
bT, VBF
0.51% (0.58%)
T, 0 Jets
1.30% (0.83%)
ut, 1 Jet
1.34% (1.19%)
ut,, 2 Jets
2.27% (1.98%)
T, VBF
1.79% (1.62%)

H—-ut
0.25% (0.25%)

* Best-fit BR(H — tw) = 0.00 £0.12%
* No excess found, this result excludes the BR corresponding to the CMS Run 1 excess
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Run 2 H — te Search

* Same strategy used also for the H — te search with only small differences in the
choice of input variables to the BDT.
* With respect to H — tu search, additional Z - ee background

<A 0P 35.9fb" (13 TeV) 40P 359" (13 TeV)
c 16— T T e e L e B e e L I
re) - CMS —¢- Observed[ ] Z—t 13 25F CMS -¢- Observed[ ] Z—tt
B 4E et 0 jet I Z—ee/un [t t+jets 15 et,, 0 jet I Z—ee/up [ th t+jets
b 1ok [ Diboson [JW+jets,QCD 4 = 20 7] Diboson [ ]W+jets,QCD
G>> 105 [ SM Higgs — H—et (B=10%) 1 a>> [ SM Higgs — H—ert (B=20%)
W E W 15
- = 10
2 3 5
- > 0
15
(O]
M ; 1
o]
®) 0.5 . ) : .
30 -0.6 -0.4 -0.2 0 0.2

*Best-fit BR(H — te) = 0.30 £0.18%

* No excess found
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BDT discriminator

et,, 0 Jets
0.73% (0.79%)

e, 1 Jet
0.81% (1.13%)

er,, 2 Jets
1.94% (1.59%)

et,, VBF
1.49% (0.74%)

er,, 0 Jets
1.22% (0.90%)

et,, 1 Jet
1.66% (1.59%)

er,, 2 Jets
2.25% (2.54%)

et,, VBF
1.10% (1.84%)

H— et
0.61% (0.37%)

CMS 35.9fb" (13 TeV)
T T 1 L I T 17T UL l L | T 11T l L ‘ L |
B I h—et: BDT fit
l ® Observed
X Median expected
B I 68% expected |
. [ ] 95% expected
Ke
‘i
Ll | Ll I Ll I L1l I Ll l Ll I Ll l Ll I

0 2 4 6 8 10 12 14
95% CL limit on B(H— ert), %
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Coupling to bosons

« Channels already established with > 5 ¢ significance during Run 1

* H - WW has a strong sensitivity to VBF production

*H - ZZand H — vy best channels for mass and fiducial and differential cross-section
mMmeasurements.

ATLAS Run 214680, Event 271333760

,Q, EXPERIMENT 17 Nov 2012 07:42:05 CET
H—> WW - 2/2v




H— WW*— 2[2v

« Difficult final state due to presence of neutrinos and many sources of bkg.

* Major backgrounds are determined from data confrol regions: WW, ftoar, Z,
backgrounds from mis-identified leptons.

* ATLAS and CMS divide the data in Ojet and ljet and 2jet (VBF) categories.
 CMS includes categories for VH production. ATLAS uses BDT for VBF production

3 2000 T CMSrreiiminary 35.9 o (13 TeV)
L . . ata i > pr— T T T
© 1800 ATLAS Preliminary N = < - | | -6
g o « . B ww ] ul tW and tt ww -
?J 1600: H->WW*—evuv, Niet <1 —3% ; 5 (CID) 4.5 Nonprompt DY — ‘P
E 1400-_ Vg =13 TeV, 36.1 fb_1 D Mis-1d N b —_ AYATAYS VZ _: -U
2 m zy 10 = vy v >
W 1200F O] aw 1Z ) —_1Higgs _ —+— Data -
: B Higos 1 ~ 7 Systematic uncertainty - .:E
1000 1N = -Q
r 19 o -4
| @ 9
k= "8
1+ =N
@)
X £
m s
fo - -
© - i =
- D 14 = | =
O
o}
» ] a
- — >
C . L
I
- ] b
— I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 | O
50 100 150 200 250
m; [GeV]
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OveF * Bu-ww* [pDb]

H— WW*— 2[2v

* ATLAS and CMS re-establised H - WW with > 5 ¢ significance in Run 2.
» Provides access to all Higgs production modes

» Good agreement with SM expectation CMS Preliminary  35.9 " (13 TeV)

71— g HoOWW
| — 68%CL ATLAS Preliminary | : B conbination
| — 95%CL — -1 ) _ +0.21 5
15F & Bect fit s=13 TeV, 36.1 b ] M = 138 Lo E_._
[ 4 SM ; 1 B SM
1.0 N 7] uVBF =0.29 +(;]2696 —o—- ﬁcomb= 1.28 ::.1178
0.3 _ j +1.88
[ | M =327 15 .
0.0 ]
| | b= 100 s
_05 I B PP B T S :
-5 0 5 10 15 20 25 5
OggF * Broww* [pb] R T T e R
0/0g,
ggF Significance 6.3 obs (5.2 exp) o Significance 9.1 obs (7.1 exp) o

VBF Significance 1.9 obs (2.7 exp) o

Luca Fiorini 29



13 TeVH — ZZ*— 4l

* Clean, small rate and fully-reconstructable final state in 4 leptons
« Analysis separated by production mode and lepton flavour (4u.4e,2e2u)
« Small background from Z — 4l and diboson production ZZ — 4l

CMS 35.9 1" (13 TeV) JHEP 03 (2018) 095
> B T T | T T T T T T T T ] T | T T 1 l T T | 1T I 171 I | I | L 1T T
& 100 ¢ Data —£ ATLAS # | Expectod S
N i [ ] H(125) ] o — H->Z2Z" =>4l | m Observed: Stat + Sys -
2 L D qq—-2ZZ, Zy* 1= 13? Te\é’_36'1 fb;s SM Prediction
o 80 I 9922, Zy* -8 | Seee0elyl<2 oBlb]  (oB), (] _|
= B Z+X 1=
T B B z+ = gF £ 131072 1180+ 80
i {e 1
60— —< — —
— — |
u _ VBF I 370°1%  92.8+28
o | _ :
200 +
i i VH oamcy 93
200 { . - L1 ] ttH (iagéocu 154703
0 :’pﬂr S i ) | Inclusive 1730722 1340+ 90
80 1 00 700 900 | | | | 11 1 | 11 | 11 1 | 1L 1 | | 11 1 | 111
m,, (GeV) 0 2 4 6 8 10 12 14
o-B/(c-B)

SM
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13 TeVH — yy

» Good mass resolution and smooth background — signal extracted from a
parametric function fit of the m,, distribution.

* Main backgrounds are yy continoum and y+jet
« Channel with fair sensitivity to all the main production modes.
» Categories defined by production mode and (di-)photon characteristics,

CMS also uses BDT

arXiv:1802.04146
A e e

I

> F L I A LA -
8 of. ¢ Data ATLAS E CMS 35.9 fo (13TeV)
PR Background /s=13TeV,36.1 1" 7 ooy e e e
g 160/ —2lgnaI+Background my, = 125.09 GeV — H—>yy —m— Per process 68% CL <
(i, - —— Signal ) - | _|@
140/ VBF-enhanced = T
3 ggH [1.0227 . SM Prediction ®
120 —] ' —
] — —o
100~ = VBF | 08¢ m,, profiled o
C 7 ' o
8o— 9T — — |
60— = ttH 2.0 7 —a—
0E" WH leptonic | 3.0 —m |
* A E B |
e N 1 ZH leptonic | 00%°° W
2 40F + — — ]
el — — .
g 20 1 VH hadronic | 517 | = I
- . | L | | . | |
g 0 -2 0 2 4 6 8
g F ' } g
m -20 + . + . . E Gproc/ Gtheo
110 120 130 140 150 160
m,, [GeV]
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Higgs boson Mass and
Cross-section




Higgs Mass?

» The Model is capable of very precise predictions, but it has one free
parameter not predicted by the theory:

the mass of the Higgs boson.
« J. Ellis et al., A Phenomenological Profile of the Higgs Boson(1976):

We should perhaps finish with an apology and a caution. We
apologize to experimentalists for having no idea what is the mass of the
Higgs boson, unlike the case with charm 3)14) and for not being sure of
its couplings to other particles, except that they are probably all very
small. For these reasons we do not want to encourage big experimental
searches for the Higgs boson, but we do feel that people performing expe-

riments vulnerable to the Higgs boson should know how it may turn up.

-H"-ﬂlll--nn' ] 'H
il Iin
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Indirect limits

« Boundaries on the Higgs mass not only from direct searches, but also from EW fit of
the SM measurements.

*Higgs mass is the only free parameter of the theory — possible to fit its value from
measurements, such has M, M,, Z — ffcross section, G_ etc. where the Higgs

radiative corrections can contribute.

July 2008 M it = 194 GeV
* Problem: dependence is weak, e.g. moving 6 L i
the Higgs mass from 100 GeV to 1TeV Ao -
affects MW by onIy 150 MeV. 5- —0.05?58i0.00035 7]
Logarithmic dependence of M, on M, - L +0.02749+0.00012
4 - 3 +++ incl. low Q° data h
f H b
AN J\MN\W <] 3
v ZIW 7.ZIW wﬂﬁﬁW
fif 2_ |
« Best EW fit for M, = 94+*  GeV - |
e M, <154 GeV @ 95% CL | |
0 Excluded \ Preliminary
30 100 300

m,, [GeV]
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Higgs Mass measurement

I 1>
L 1 QO
N o, B=
O 150 R 2 176
R= I s 5
N [ _ = ..
N - 2 2 17 R
177} L 4 (41 e "
é 100 Stability 1 & g Meta-siabiliy
+ 1 (=¥ 1= [ i ) -7 o
& e ETL
= O
50? 1 ‘B‘ _
o 170 S Degrassi et al.
v _

qf}?/ : Stability |
O e s 120 122 124 126 128 130 132
0 50 100 150 200 Higgs pole mass M), in GeV
Higgs mass M, in GeV Veir(d) NOTIN SCALE
A
L _ (E(I) )(E{I} )_ I/((I)) 3.[57 Instiblllty\lo GeV
. . — e ¢
2 2
V=uod +1(DD) ' KJ
L E W = 246 GeV |
|
At EW scale A~0.13
0.0 . ————————— L 0gy, Q[GeV] $
~10° GeV !

* Higgs quartic coupling A can become negative for energies > O(10'9) CeV.
Main corrections depends on m,  and m,, precise values.

* EW Vacuum stability up to Planck scale excluded @ 95 C.L. without NP

. G.De%rossi et al. (JHEPO8(2012)098, JHEP12(2013)089)




Combined Mass Measurement

* ATLAS and CMS mass measurement with Run 1 data after precise calibration:
«m_ = 125.09 £ 0.21 (stat.) £ 0.11 (scale) + 0.02 (other) + 0.01 (theory) GeV

* Run 2 update is also based on H —» yyand H — ZZ(4l), having the best mass resolution

ATLAS-CONF-2017-046 o CMS 35.9 b (13 TeV)
' I ' ' ' 'I' l ' ! ' ' l ! ' ! ' I ! ! ! ' l ! ! ! ' I ! _I | ] I LI L L LI 1L \.‘I | L : | | \_ '_
s p ——roa [ sm mmem | E i
Total  Stat. Syst. < 7:_ 5
LHC Run 1 ._'E_. 125.09 = 0.24 (= 0.21= 0.11) GeV S 6 - g
| Hezzral E* """"""""" 124.88 = 0.37 (= 0.37 = 0.05) GeV : 18
| 5 .
H—=yy | — 125.11+ 0.42 ( = 0.21+ 0.36) GeV - .
Combined : % | 124.98 = 0.28 ( = 0.19 = 0.21) GeV 4;_ S (R B I I A _;
oy ey e e e b e 1 3i_4u _:
124 124.5 125 125.5 126 126.5 - 2e2p N
m,, [GeV] [ — 2 -
2_— — Combined ]
« H»//(4l) is the most accurate channel and the i Combined (stat. only) -
result is still limited by statistics. L N O A W E
* CMS Run 2 result already better than LHC Run 1 | SRR P T

combination. 120 121 122 123 124 125 126 127
m, (GeV)

myp = 125.26 + 0.21 (£0.20 stat. £ 0.08 sys.) GeV
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Higgs Mass width?

» The Higgs width also depends on its mass value, spanning several
orders of magnitude:

';103§| ———3%
[0 E ig
2 I /2
T {10%% 18
. 10 - / :%5
10: / = For high mass, the width grows as
1E : _ 3 3 a=mar-2 3
; / ; FII—mmH ~ (1.5 TeV mH .

10'1§ /
10-21/

100 200 300 500 1000
M, [GeV]

Width becomes equal to mass around 1.4 TeV
For mass >~1 TeV, the concept of Higgs resonance would disappear.

For mH=125 GeV, the width is about 4 MeV

Luca Fiorini
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Width Measurement

* SM Higgs width prediction is 4.2 MeV. Small expected value implies possible sensitivity to

additional decay modes — tool for discovery.

* Direct measurement of the width performed but has no sensitivity to SM prediction.
* Higher sensitivity from indirect measurement from H — VV off-shell and background
interference.

* Both experiments analyzed ZZ — 4l and 2I2v final states. ATLAS also includes H - WW.
arXiv 1503.01060

30

25

Events / 50 GeV

20

15

10

r
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~ ATLAS

L H—>2ZZ - 22y

rT 11 [ 1r1r1r 1 1 1T 1T 1T ] T T T7T 1T
I I I I I
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Frprrrryrrrr | rrrrJprr 1oty rrrr 11T T4
I I I I I I

's=8TeV: [Ldt =20
® Data

F SM (stat @ syst)
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- qq—ZZ
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I WWiTopiZ—ste
[ Other backgrounds
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01000
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ATLAS:

< 22.7 (33) MeV @ 95% CL
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<
h

CMS:
I' <22 (33) MeV @ 95% CL

CMS 19.7 fb™ (8 TeV) + 5.1 fb' (7 TeV)
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8__. ...... 212v + 41 . expected ;
L Combined ZZ observed . 8
Leeeees Combined ZZ expected e
= P
- &
- H—>ZZ
4= _ /Y . 95%CL _ |
I - /X o
ol .h.\k‘-""l"‘—:-l—"‘l:—'l I I | I I I 1 I L1 1| I 11 |
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13 TeV Higgs fiducial cross-section

ATLAS-CONF-2016-081

3‘ I ] ) L L

&I 100 ATLAS Preliminary — Oy My= 125.99 GeV .
T [ AH-yy 0 H-ZZ*—>4l _CI_)CD scale uncertainty
Q

bQ - ¢ comb. data syst. unc. Bl Tot. uncert. (scale ® PDF+a.) R

Vs=7TeV, 451"
Vs=8TeV, 20.3fb™"
Vs =13TeV, 13.3 b (yy),

14.8 o' (ZZ*) ]

* Fiducial and differential measurements of cross sections.

10 11 12

<

Vs [TeV]

O, (fb)

o

9]

5.1fb" (7 TeV), 19.7 fb" (8 TeV), 35.9 fb' (13 TeV)

=

CMS

} Data(stat. @ sys. unc.)

— Systematic uncertainty

Standard model

LHC HXSWG YR4, m =125.09 GeV

&

TN
¥
Tm\&f
283
]

pp - (H —4l)+X

III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIT

6 7 8 9 10 11 12 13 14
/s (TeV)

* Experimental and particle level selection as similar as possible o
mMinimize theory uncertainties, with fiducial volume definition funed to
different fiducial volumes, based on detector and experiment.

* All measurements agree well with the SM prediction.
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13 TeV Higgs differential cross-section

CMS Preliminary ~ 35.9 fb™ (13TeV)

ATLAS-CONF-2018-002 S JRE T T T T
— 2.2¢ T T T T T T T T ] E_H 3
> e imi Y H-oZZ2 -4 3 ) = =YY LHC HXSWG YR4, m =125.09 GeV 7
8 2f ATLAS Preliminary s Combined = Q c ! 7]
% 1.8 :—L?\/Zi; I;Iﬂ;) Y i Hoyy = £ 10 + Data ggH aMC@NLO + HX - 0
fl] E eV, 36. 4 HRes+XH = ~ E 7 =+ 3
IQ:— 1.6 e NNLOPS (@N’LO) + XH - T E s ggHPOWHEG+HX g : g
ke) = 0 RadiSH + XH = o A \ e
_8 1'4: 444445 XH = VBF+WH4ZH+tH+obH o 1 ? f HX aMC@NLO e'g 3 ﬁn
1.2F E 2 7 =i ip
= = O .10 % |
1 E ©107'g . = 39
0.8 3 : , =iz
PE \ * E ook I
0.4 i # = - o ] :
02 ey E 09L 33
= N - 1 v, - goodea .y 3 _HHIIIIHH””HHHH”HHI'H_E
— T T T T T T — x
s 1af il - ¢ 25 !
S 12—{ .}- } + B } +_ 2 1554 l E
SIS S R S L " |+ ------------- - g gt ’ :
2 — g — = T ; —
g 08t ‘m opem BT E 1%%% 7 3
£ 06 . £ 05§ . T
041 . . ‘ , ‘ —— S ot ‘ - s s s s s -
0 10 20 30 45 60 80 120 200 350 =0 850 100 150200 250 800380 4G00V
p[GeV] p." (GeV)
Q' - ' ' ' ! ' 1 CMS 35.9 1" (13 TeV)
S 50 ATLAS Preliminary ¢ _Somoned 3 = F | | | 1 $
© I H>ZZ H-yy .. NNLOPS (@N°LO) + XH ] — 10%F —’ Es);;fe(:aal‘lc@u:gesn:::y) E %
T 13TeV,36.1f0" [ MG5 (@NLO) + XH ] el 3 SN ggoH (NNLOPS) + XH E —
40— STWZ + XH - b"‘ r Y4444 gg—H (POWHEG) + XH ]
L §4455% XH = VBF+WH:ZH+ttH+bbH | 10k [27] XH = VBF + VH + ttH (POWHEG) i ﬁ
: B = E (LHC HXSWG YR4, mH=125.09 GeV) o
30 ] F 1 —
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F o . 1 El =)
20— - E
C I ] i —_ 1N
- a . e P
r N, ] £ ]
- i N 8 1
C D / ///// R 102k | | | i
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g 14F ] 9
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Njets

» Overall good agreement with the SM calculations.
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CMS combination

CMS Preliminary e Observed CMS Preliminary 35.9 fb'! (13 TeV)
35.9 o (13 TeV) — 1o interval Sl AT T T T T
e 9] : wZ 10
T : = > 12
T 7Z] > @ = | @
D Ww . > - R
© Tt —— ‘.’>’ o 107'f E ‘:?’
ob | L. = g i
Y — Lt vy 13
s 7zz[ —e—— ~ 102k 4
ww | —— S S
= ol e - SM Higgs boson | =
TT_ - 3 — [M, 8] fit
L zz| -— 107° —— .
g WW_ : » -
bb e [ J+2c
YY —t
S - = =
N ww| ‘ S
bb —— +—
L1 P —— 2
77| — (4] Y | | Ll
I B :
= ww| —e— o 10~ 1 10 102
w Particle mass [GeV]
bb. I...I..Tﬁ._ 1 el oow o a by oo 1y Pl PR B
2 1 0 1 2 3 4 5 6 7 8

« Coupling measurement:
u= 117010 = 1.17750° (stat.) 1302 (sig. th.) ‘Jge (other sys.)
« Within current precision Higgs couplings scale with particle masses
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» Qutstanding performance from the LHC team and experiments is
allowing to deliver an impressive amount of updates on the Higgs
measurements with Run 2 data.

* LHC Run 2 is the opportunity to improve Higgs measurements:
* 1tH and VH(bb) already more sensitive than Run 1.
e Search for rare and forbidden channels and production modes
continues:
e H—- uu, H - cc and LFV decay modes

 Mass measurement already better than Run 1 combination and still
limited by statistical uncertainties.

» Cross-section measurement:

* Precise measurements in very specific phase space possible via
combination of decay channels.
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Statistics Introduction

* How to quantify the compatibility of an excess with a fluctuation of the
background or the signal of a new particle?

PHYSICAL
REVIEW
] _ETTERS.

uuuuuu s pubilished week emting 16 MARCH 2012

Excess or background fluctuation??

.

|

i# IIIIII|I l‘lllllllll

Data - Bkg

41
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Very basic introduction.

* Let's assume that we are doing a counting experiment and that only
the statistical components matter.

» To prove that we have a significant excess, we must show that we
have an excess in the data incompatible with the background-only

hypothesis:
« Number of observed events: N___

« Number of expected background events: kag
. Data fluctuates statistically: VN___

Statistical Significance for a signal process over the background: (a
simplified version!): =S//B

The significance of a data excess over the expected background
(considering only the stat. uncert. on data) =(N, -N, )N

« Convention for discovery: 50, corresponds to probability of statistical

fluctuation of 2.9x10”
« Increases with increasing luminosity: S/NB ~ YL — requires 4 times more
data to increase significance by a factor 2, all the rest equal.
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Statistical Model

* Let's build a model to take decisions about the nature of a process based on
the measurement and our model
L (N|H) is probability to obtain exactly the data observed:

L(N|H,)= HP()ESS()H(NI. 15,)

L(NIH,,,)=| | Poisson(N,15,+b,)

N (ﬂ"q" N3 b")n'j M
Lu.0) = [T 0" i) T C(A)
j=1 'H.j. 1
1 (Ae — /\)2)
C(\) = —
(M) V2moy, P ( 20,

*Need a way to quantify ‘similarity’ or ‘extremity’ of observed data
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Quantify hypothesis likelihood

ANy LV HL)
L(NIH,)
e [ntuitive picture:
- If data is likely under H,, - If data is likely under H,
L(N[H,) is large, N|HS+b is large,
L(N|Hg,,) is smaller L(N|H,) is smaller
— small . ]arge
A(N) = = small AN) = = large
large small
éﬂﬂ- :;m: é"'“f—
Eaﬂ IE L

E |-
RES +

100}

a0l

[

2of- N\H «.p)=small Eﬁ:_ NIH .5)=S0S0 “’EH L(N|H,,)=large

o I“‘~||H =large : N|H =S0S0 “F L(N|H,)=small

L B R 'r:”'é”'lo L "el"-tl"'flmé”'lﬂ L B IS a”'é'"lu
A(N)=0.0005 AN)=0.47 AN)=5000
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P oalue and Test Statistics

* p-value: probability to realize the
observed excess/deficit of data with only
background fluctuations.

"l aa
p:/ ¢ Cdv=1-9Z|
NFARTR) |

« u: Signal strength. Global factor applied
to the signal and fitted in the data.

n,=uoBrLe
E.g. u=0 no Higgs, u=1 SM Higgs

Z=5 for discoveries k— Zo— X

« Test Statistics g

L(u,6(w)) median under s+b

A, =A(u,0)= qd, = —2In ;\’u (%lb) f(q,ls+b)

L(f1,0)
Optimal discriminant between two

hypothesis:

» The best-fit mu-hat and nuisance
parameters

* The alternative mu-value and its

corresponding nuisance parameters ClLs=CL_, /CL, dp
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Statistics Details

L= H Poisson (n; | v;(p,0)) - H Constraint(6;, éj) 6 are the nuisance
parameters, e.g. systematics

icobs. JjENnui.s

H (ps; + b;)™ p—Hsi—bi Statistics constraints for binned likelihood
. n;!

N\ 2

g) = 1 _ (0 —0) Nuisance parameters constraints.

p(6) exp . . .
2o 20 Typically gaussian.

Gamma function used for MC statistics.

n/o N
o) = = P2 exp(—n/a)

v
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L(0,6(0))
Ay =A0.0)= ~ A p.: Typical test is between the best-fit
L(u.0) ° .
value of the signal strength, u-hat, and the
4o = —21n A'O background-only hypothesis u=0.
0 signal likeliness -_Compare how.much more likely is the
I > signal hypothesis compared to the
|'| \ - background hypothesis.
H \ 7
x N
ED 1 L [ rryTTTT I [T I I I | -
g f 3
p, Probability that a background T Y 116
only experiment be more signal ' i _
like than observed _______________________________ Iz
0% 7 AS 2011 J.Ldt - 46491b"
i 1s=7TeV :
3o
1{}*3; """""""""""""" . -
“110 115 120 125 130 135 140 145 150
my [GeV]
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Lamits

CL 00
CL, = sth. l—py = P(G, > ”bs | background-only) = f(q,|0. E’Dbs)dqﬂ
CLb qgvs
CL.(p) = L&
s\H) =3 . CLS=0.05 for 95% C.L. exclusions
9 10 = T T =
Z5 - .
o B .
"""-b-... | —
c L ]
O
2 1 —
>3 — ]
o - _
o0 H _|
o) - ]
o i |
o
o ol \S=7TeV  ATLAS+CMS  --Bxpected
o = — Observed -
o - (Toy Data) - 1o ]
L0 B [ ]+ 20 _
> i J. L dt=1 fo'' i
10-2 | 1 1 ]
102 10°
my[GeV]
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Higgs Excess evidence

PDG, review of Particle Physics

Summer 07/2011 o —
CMS Prel. [20] Is=7TeV

-1
ATLAS Prel [21] Jldt=11

' N\ How the Higgs evidence increased in ~ 1

year from 1 ifb to 25 ifb.

Spring 2012 o —
CMS [25] 1s=7TeV

— ATLAS Prel. [2g] JLAl=51"
| | | | 1 1 1

From the growing evidence of a new particle
to a new era of measurements

CounciVICHEP 072012 7
and 8 TeV

CMS Prel. [23] 3

ATLAS Prel. [22] JLdt=10T0

7 and 8 TeV

Jidt=251"

HGP/Councll 2012
—— CMS Prel. [24]

—— ATLAS Prel. [23]

110 115 120 125 130 135 140 145 150
M [GeV]
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DAQ and Trigger

Trigger Level-0,1,2 Event Readout HLT Out
No. Levels Rate (Hz) Size (Byte) Bandw.(GB/s) MB/s (Event/s)

w1 108 1.5x1068 4.5 600+300

w2 3X103 (4x102+2x10?)

w1 108 108 100 0(1000) (10°)
ATLAS Trigger Operation 2012 BOTh experimenTS hgve

600

Jetsimissing E, (delayed) | jmproved their DAQ and
B-physics (delayed)

Minimum Bias trigger systems for Run-2.

500

e B Electonsiphotons Current DAQ Performance
g sesmsimssngE, | o >= 100 kHz at L1
S « = 1 kHz HLT output
Rpril June August  October December
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Computing and Simulation
The fast duty cycle of the LHC analyses is possible thanks to the Tier0

Generation+
— Simulation

arl2 < Su 2 Summe-12
[DBS - YALID] |DBS - production] |DBS - INWALID) [nas DELE‘IED]

120,000

T ~ 4.0 B events |“

~ 4.5 B events F“’m

and GRID resources

-

......

" Digitization+
Reconstruction

© SummertZ DREIN O Summert2_DREIX Summer2_DREI  © Summer! 2_DR5IX
[DBS-VALIE] [DBS-prodistion] [DBIS-INVALID] [DBS-DELETED]

100,000

80,000

60,000

40,000

20,000

Jan 2012 Feb 2012 Mar 2012 Apr 2012 May 2012

Data disk

Tier-0 disk
MCitape

Jun 2012 Jui 201z Aug 2012 Sep 2012 Oct 2012

3 Dec 2012

S

 Justin 2012, both CMS and
ATLAS experiments have
produced 3-4 billions of MC
events on the GRID and
processed ~3 billions of data
events at TierO.

» On a single machine, it would
require more than 15 thousands
years (without considering user
and group analyses, calibrations,
reprocessings, ...).

*GRID is a crucial asset of the
LHC experiments to provide
physics results in a fimely manner.
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Higgs prod. Rates at TeVatron

Tevatron
10° L B e B S e A B
= aipp—H+X) [pb]

_D = Vg =2TeV

o 10 g_...l.l ........................................ M, =175 GeV

\6/ ;ﬂ—m CTEQ4M
g
g

(a) gg —» H (b) VBF (c) VH (d) TH

78% 7% 15% <1%

ggH is the dominant production mode.
VH is the subleading production mode
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TeVatron Results

TeVatron updated their Higgs boson search results with ~10 fb"
Most sensitive channels are (V)H —» (V)bb, H - WW. Analyses of H — yy and
H — <t are also included.
Tevatron Run Il Preliminary, L < 10 fb

Background p-value

E
= -1 — 1-CL, Observed
o Tevatl.'on Run Il .Lmtf-_< 10f" — 1_0: e m, = 125 GeV/c?
= SM Higgs Combination — - 1-CL, m,=125 GeV/c? B [ Combined (68%)
10 3 [ Expected+1 s.d. B ~i- Single Channel
1 B [ ] Expected+2 s.d.
10 1c H—yy — u
2c
102 H-> W'W
100 TR T
10 _
_____________________________________ 4c H-bb
1 0-5 L 1 1 L 1 L 1 1 1 I 1 1 L
180 200 || | [

1 | |
3 4 5 6 7 8 9 10

2
my, (GeV/c®) Best Fit o/oy,,

- : ~ Fit to signal strength
The minimum p-value is found to be 3.00 at mH =125GeV. (1.4+0.6)xSM @125 GeV



95% CL Limit/SM

95% CL Limit/SM

-
o

1

TeVatron Limits by channel

Tevatron Run Il Preliminary H—bb, L = 10 b

e IGbser;rved
----- Expected w/o Higgs

----- Expected if m_ =125 GeV/c?
[ Expected =1 s.d.
[ | Expected =2 s.d.

L B B T r T

i | | L |
20 100 110 120 130

140 ':IESO
m,, (GeV/c)

Tevatron Run Il Preliminary H—yy, L. = 10 b

int =

...I..I I IlExpelatlell:l :M'G I'I|itl,;|gS
—— Observed

| 41 =4 Expected
[ z2s4d. Expected

SM=1

100 105 110 115 120 125 130 135

140 145 150
my, (GeV/c?)

95% CL Limit/SM

95% CL Limit/SM

_y
o

1

110 120 130 140 150 160 170 180 190 200

Tevatron Run Il Preliminary H—=WW, L < 10 fb™
LB I I FL LI I B B B R B
=== QObserved
«ssss  Expected w/o Higgs
-+ Expected if m =125 GeV/c*
- [  +1 s.d. Expected
- [ ] =+2s.d. Expected

R |

m,, (GeV/c?)

Tevatron Run |l Preliminary H—t't, L, < 10 b’

----- Expail:ted w.n’cl Higgs
— Observed

| I +1 s.d. Expected
[ | +2 s.d. Expected

e e

SM=1

100 105 110 115 120 125 130 135 140 145 150
m,, (GeV/c?)



Background p-value

TeVatron Results by experiment

D@, L, <97 b —tcObserved | 80 ET I L LT T g L @
h . ) wum 1-CL, Expected g [ masan  Expacted if SM Higgs signad ] Expedtsdi2sd.
10 SM nggS Combination — - 1-CL, M=125 GeV A - at sach m,, separately -
? |:| Expected +1 5.d. -g 1 F =  Expecied If m =125 GeVic® E
1 [ ] Expected +2 s.d. S LE
$10 |
10T A ) 2t o @
e N ’,.:‘:.: _______ 2 10 E 3
102 v & 5
., & 3k X 136
10-3 ——————————————————————————————— - 30 10 ;
] | 1 PN T R T TR N S N 104--I.--I-..I...I...I...
100 120 140 160 180 200 100 120 140 160 180 200
M, (GeV) m,, (GeV/c?)

Local p-value distributions as a function of the Higgs mass for DO and CDF

experiments:
«D0: 1.70 @ m =125 GeV

« CDF: 2.0 0 @ m =125 GeV



H — Tt Analysis BDT

— LA L Y I L L N LN B 5 L A I L O O Y L B B B N B B -— AT T T T T T T T T T T T T |__
o ee + ep + uu VBF SR ATLAS Preliminary - t 105 L Mg + €Tnag VBF SR ATLAS Preliminary_: o 10 Thadthag VBF SR ATLAS Preliminary 3
i E = ~— ]
P [Ldt=203m" —+— Data © F [Lat=2031" —4— Data : 7 [ Ldt=203" —+— Data i
€ 10° — H(125)5 w1 < P C — H(125)5 1t ] = —— H(125) 1
¢ ls=8Tev e H(125) 17 (u=1) S gt fs=8Tev e H(128) 77 (u=1) ] e 0 (s=8Tev .. H(125) Tt (u=1)_
i lZ . > g Bz e 3 Ll Bz 3
I Others ) w - B Others ] I Others 3
[ Fake Lepton 3l [ Fake t i I Multi-jet i
102 72 Uncert, - 107 7/ Uncert. E 27 Uncett.
: : 10? E
10 E : 10 E
1 1 1
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 05 1
BDT score BDT score BDT score
105:|||||||||||‘||||||||||t o™ L Y I Y I Y I I Y L I B = -— L L L I L DL L IR
o E ee + ey + iy Boosted SR ATLAS Preliminary J S F ut,, + et,,, Boosted SR ATLAS Preliminary ] o 10° Tradhag BOOSEE SR ATLAS Preliminary
- ] B 1 - E
; L J' Ldt=203fb" —+— Data ] - 10° E—J Ldt=203fbh" —— Data - 0 _[ Ldt=203fb" —4— Data E
T 10tk — H(125) 1t i 42 = — H(125)= 11 E c 5= — H(125)— t .
0 = (s=8Tev e H(125) 7z (u=1) © Fls=8Tev H(125)> == (u=1) ] ¢ s=8Tev. H(125) tt (u=1) ]
w - lzZ ] U>J 10%E Nz 4 w 10° Bz _
r Il Others 1 S Il Others 3 . Others 3
1035— [ Fake Lepton = [ Fake ] - Multi-jet ]
g 722 Uncert. ] 10° 7/ Uncert. _: 777 Uncert. .
1 ] 10° P E
3 10° E E
] ] 10 E
E 10 E ]
1 1
-1 -0.5 0 05 1 1—1 -0.5 0 05 1 -1 -0.5 0 0.5 1
BDT score BDT score BDT score

* Data is divided in 6 signal regions and 9 control region to simultaneously fit signal and backgs.




Run 2 gqgH — bbar +vy

ATLAS-CONF-2016-063

* Trigger on photons, 4 jets and mijj>/00
GeV

* Main backgrounds are y+4 jets
production and Z —» bbb + jefts

* BDT is used too reject multfi-jet
bbackground

* Events are separated in 3 categories
according to the BDT

« Signal is extracted from a fit of the m__

mMass, limited by statistical uncertainty.

ATLAS:
U=-3.9+2.8 @125 GeV
95% CL Limit: 4.0 (6.0 exp.) x SM

Luca Fiorini

Events

0.12

0.1

0.08

0.06

0.04

0.02

T T T I T T T | T T T I T T T
L ATLAS Simulation Preliminary
i Vs =13 TeV [ NonRes Bkgd 7|

Events /10 GeV

10

(Data-Bkg)/Bkg
éoo o000

I T T T | T T T ]
[J VBF H(125) + y

0.6

BDT response

W
o
TTTTIT

- ATLAS Preliminary —— Data E
— —— VBF H(125 104
(s=13TeV, 12610 mumzay(00) 3
- H Z EWK

- High BDT Nc:rnzh(es Bkgjd

- —— Uncertainty

WNhLOLvWw O
TTT

60 80 100 120 140 160 180 200 220 240

My, [GeV]
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Higgs Potential (2)

The minima of the potential are on a circumference of radius:

D| = =v/+/2
Pl=y2r ="

v
We rewrite the Lagrangian around a minimum: ——-+ 77(}5)

J2

The Lagrangian now becomes:
Vig)

£ = 3(@un)(@*n) — wPn® £ pin’ = It + 1 (uP/2)

where the third and forth terms represent

the self coupling of the Higgs field: '
2 (b
3
I e " 77T TN
I ‘\\ ff < n
/‘\ .;'\ Circle of minima
ff \\ ff \\ radius v
22/05/18
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LHC Couplings Combination

arXiv 1507.04548 —
u=0/0g,,

ATLAS Input measurements M=O ale) H|ggs

Individual analysis + 16 on :
m,, (GeV) - H :] SM H| S
— : u
Overall: p = 1177077 |125.4 B o : :
H - vy ggF:p = 13277 |125.4 : : : ——1 : ; 1 -1
VBF: 1 =087 1254 IS S 197 fb (8 TeV) + 51 fb (7 TeV)
WH:n=1.07% 1254 e 125 GeV
Zip=0T liesa | 1 ety Combined CMS My, = © o
,  Overall:j=1.447%°125.36 : : : ——i- : : w=1.00+0.14 X
H - ZZ 033 . . . . . . =
ggF+ttH: = 1.7 125,36 : : : —— : pSM =0.96 <
VBF+VH: n=0.37¢ | o oo » ; . . '_|‘°__'| B . i L ;
H o W Overall: p = 1.16;%:;; 125.36 - H —> 'Y'Y tagged K;
g9F:1=0.98"% 112536 A I A : p=1.12+0.24 Py
VBF:p =1.287% 112536 N B 8
vikesoflesssl | f ] e, "
H o Overall: p = 1.43’&2 125.36 '_°_' H —> ZZ tagged
ggF:u =207 |125.36 S SN SR u=1.00+0.29
VBFVH: = 1.2470% | ; . I : i
VH Vbb Overall:u:O.SZﬁjg 125.36 : X R—¢ X . .
- WH: = 1.17°% | 125 H— WW tagged
ZH:p =005 oo R e W= 0.83+0.21
H— pu Overall:u=-0.7i:; 125.5 : - : . i
N
H — Zy Overall:p.=2.7j:: 1255 : H — T tagged
w=0.91+0.28
H e
Multilepton: p = 2.1 1: 125 ' : : H————

T — H%bbtagged
A I N R B w=0.84+0.44

\s=7TeV, 4.5-4.7 " —2 0 2 4 0 — '0}5I — 1 15
\s =8 TeV, 203 b" Signal strength (1) Best fit /0
« Combination of ATLAS and CMS coupling measurements.

 Inputs sensitive to ggfF, VBF, W//H and ttH production modes

andtoH - yy,H—-/22,H - WW,H = tt,H - uvuand H — bbb decay modes.

. 262 X
/Y-ll—1-34‘75 1254 | |

2
M




K, VS K, Contour

w— L 2_5 IIIIIII|III|III|III|III III|III|III|III L T T7T T T 1 T T 1 T T 7T T T 1 T T 1 T 1T T 1
. i il - | | | | | | i
[ ATLAS and CMS Don “ 1.6 ATLASandCMS M p-value: -
[ LHG Run 1 . - LHC Run 1 T 59% ]
oL Preliminary + Or-ww | - - ° ]
i [JH-bb A 1.4 Preliminary " ]
i |:|H—>m ] - T
| [J Combined [ _
1.5 - 1.2: :
1 ] i .
i i 0.8 B
0.5F | 0.6 [JATLAS -
- *SM —68%CL ’ [ %*SM  —68%CL [JcMms i
_ +|Best fitl ---9|5% CLI ] 0.4~ + Bestfit --95% CL [CJATLAS+CMS
I S Y S R e e R A E N AN S M SO N A A A B AT A B A R A N BN A
0O 02040608 1 12141618 2 0.7 08 09 1 11 12 13 14
Kl Ky

« Couplings are grouped: K, =K,, = K,; K. = K, = K_= K.
« Assumptions: o; - BR = T
- g9 » Hand H — yy only through SM particles o oM or @i

— only SM particles contribute to decay Lo ’ oM
o All results in agreement with SM (k,, = k. = 1) within 1o
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ATLAS H —>ut

« ATLAS analyzed the ut, __ final states

« Analysis employs 2 signal categories and 1 control region
 Using binned MMC (missing mass calculator) spectrum for
the statistical analysis.

* Main backgrounds:
* W+jets main backgrond in SR1
» / — Tt main background in SR2

Y e L A ATLAS Data 2012, Ys=8TeV [Ldt=20.3fb"
o - ATLAS ] = R _— — 10 @
> - . — H(125) — ] ) c
-..LE025—_ (s=8TeV [Ldt=2031 — O, 1208 G>J
2 - b, events " Background 2 u
5 02 ER s
¢ ¢
L0450 - z
L
0.1
0.05}
0_ ! [EMiss
m; " [GeV]
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Run 1 search for h — ¢¢

General Higgs interaction tfo fermions in mass basis.

Ly = —mififly = Y (Fofigh + he.+ -+

nthe SM:  Y;; = (m;/v)0;;

Indirect limit on BR(H—¢7) are loose O(10%)
Stringent indirect limits on Yeu fromu —» ey BR(H-»euw< 103,

but with assumptions on NP conftributions in the loop.

....-.h...-< 5 ------h----< ! °
T e T

CNAS | Phys. Lett. B 749 (2015) 337
CMS,_ || CMS-PAS-HIG-14-040 CMS_ | CMS-PAS-HIG-14-040
)
@ arXiv:1508.03372

ATLAS

EXPERIMENT

Luca Fiorini



CMS FCNC t = u/c+H(yy)

« 8§ TeV datasets is used.
« Similar approach to ATLAS analysis, considering both
hadronic and leptonic final staftes of the W decay:

19.7 fb ' (8TeV) 19.7 fb ' (8TeV)
T T | T T T T | T T T | T T T | T T T

— 1 T T 1 [ [ T
EOMS e O — hadronic+leptonic channels-—

hadronic+leptonic channels. -

----observed
10 = = observed . _

obseﬁed

signal strength r at 95% CL
signal strength r at 95% CL

10-1 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 | 1 1 |

10-10 | | | 0-|2 | 1 IO-l4 | | Io-l6 1 | |0-|8 | | 1 .|1 | | I1-|2 1 | | 1-4 O 0-2 0-4 0-6 0-8 1 |-1-2 1 1 1 1-4
B (t — uH) [%] B (t — cH) [%]

Observed (expected) 25% CL upper limits on the branching rafios:
e BR(f - Hu) < 0.42% (0.65%)
* BR(t - Hc) <0.47% (0.71%)
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ATLAS FCNC t = u/c+H(bb)

« Search for ttbar-WbHg—-(v)b(bb)g
* Requiring one light lepton, >= 4 jets and >=2 b-jets
» @ signal- and bkg-enriched event categories:
* (4, §j, 26)) x 2b, 3b, 24b)
» main background is SM ttbar(-WbWb)+jets
 Using Likelihood discriminant including mass constraints and b-
tfagging information for signal and bkg hypotheses.

S oss ATLAS Simuaion S [ anas s Data
o r ) . = 50— \s=8 TeV, 20.3 fb"' i~ WbHc (BR = 0.17%)
~ - s=8 TeV — tt>WbWb 2 C %{{ﬂ;ﬂh‘ jets
..g 0.3__ _ - L%J B 41’49 Em ti+bb
o) C 4j,4b ---- tt>WDbHc ] 40— Post-fit ‘ﬁ?ﬁ
G 025:— 7 e L ENontt
5 tt—;i\;VbHu ] 30 . Total unc.
L P -
S oo D(x) = — (xzk E
S ] PS8(x) + PP%&(x) ]
L 015 = .
o.osf— : el . _f E 1.25F
o_...-.-f'.'.'.m..-.-.T.-.'..-_....|....|....|....|...."" § 0-75¢
0 01 02 03 04 05 06 07 08 09 D1 050702 0304 05 06 07 08 09 1
D
Observed (expected) 95% CL upper limits on the branching rafios:
e BR(t - Hu) <0.61% (0.64%) BR( —» Hc) < 0.56% (0.42%)

Luca Fiorini




CMS FCNC t = u/c+H(bb)

*Result released 5 days ago!

* Requiring one light lepton, >=4 jets and >= 2-bjefts

» Using Boosted decision Tree discriminant with kinematic variables
of the Higgs and top candidates and and combining it in @
Neural-Network Likelihood discriminant including b-tagging
information of the jets.

CMS Prellmlnary s = 8 TeV IL 19 8 fb! CMS Prellmlnary \s=8TeV; JL 19 8 fb1
cn700_' """""""""""""" 0w T BRRAN AR AR AR RARA AR AR RARR
- —-— Data E IS _ —e—Data
L%’ 600F — Total © 1000 — Total N
- —-tt+jets | L - — - tt+jets i
500 | 20Xt—>CH_: soo- | | o 20xt—>uH_
- ---Other bkg. 1] i --- Other bkg. 1
- t — cH sig. 7 - t — uH sig. -
400: ] 600_

300" . i
' It . 400
200 i
100F B 200 4 ¢
0504 05 06 07 08 08 0o‘d”10203040‘5"06070‘1

Neural network response Neural network response

Observed (expected) 95% CL upper limits on the branching rafios:

e BR(t - Hu) < 1.92% (0.85%) BR(T —» Hc) < 1.16% (0.89%)




LHC Upgrade

* Peak luminosi —Integrated luminosity
60634 [EREEVE m 3500

<«— HL-LHC

Y

v

5 OE+34 Run 1 Run 2 Run 3 e la L Et o e « | ~3000 fb-t
Splices Injectors New . 2500 g
— 4.0E+34 fixed upgrade low-g* | =
W guads &
£ =i o o < T mmo'g
& 3.0E+34 (Vo) W W) Vp) W =
> - ol - - _— =
= 1500 =
© @
£ 2.0E+34 . *® =
E SEIE. 1000 &b
3 / g
e =
1.0E+34 L

) ~300 fb! 500
. - ~100 fb! |
0.0E+00 +o—= — —— — - 0

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

Year

* In parallel design of electron-positron linear colliders ILC, CLIC
AT CERN for >2035: HE-LHC, VHE-LHC, TLEP.,...
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Projections of H — uu

015 CMS [CERN-LHCC-2015-010] 14 TeV
2 - CMS Simulation 2%E L e opgrase o200
: = Phase Il, 140 PU 008 g Run2Detectr ju-23)
i — Phase |, 50 PU 0.q7
04
0.08
7 Phase | aged, 140 PU ATLAS Simulation
i 0.05
L 0.04
0.05— ]
| 0.03 :p
B 0.02 .;ﬁ
- =5
= 0. o
R T TR R TR T T ! h
?Eﬂ 122 124 126 128 130 [l “5""""""--'-
m,, (GeV] 120 135 130 135 - [Ge:qm

* CMS: revised projection, expect 5% uncertainty on H - uu coupling
measurement at HL-LHC (only a few fens produced during LHC Run-1,
according to SM prediction.
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Sensitivity for Phase-1 and Phase-2

IR TR TR CMS Projecti 3000fb' (13 TeV
1 L ATLAS S'mUIatlon Prellmlnary t i | T ISI T rl:ﬂ‘ral': ID{Tl T T T T T LI T | T T T I( | LI T I)
E h—yy, h=ZZ*'—4l, hWW*Siviv Z: E H_>W EéFA‘I B S1+
> F hostr, hosbb, hospp, hZy v"; ] = ECFA16 S2+ —
107 [z, Ky X XK, Kz K] ) uw S
= BR =0 3 — +0.01 (stat) + 0.08 (exp.) + 0.06 (theo) —
i b . : +0.01 (stat.) + 0.02 (exp.) £ 0.03 (theo.)
2] k- ] — =
10 E .4_:'; \s=14TeV 3 !.l;;H
i Y —[wt-300f" - & a
10° p . — [Lat=30000" 3 u _
E B 3 Ty
e R _”vEF a
s 12 T | 3
2 LIE & = L _
e O . B8 3 Yy
e 1§ 1 it : Fe —
™ 095— k E — —
“ o8 | 1 E | | | | |
10 1 10 10° -0.1 0 0.1 0.2 0.3 0.4 . 0.5
m, [GeV] expected uncertainty

« Phase-1 and phase-2 will allow to measure rare decays (H — uu ) in

addition to the main 5 and perhaps HH production.
* Some some production modes, projections indicate accuracy below
10% for the main decay modes.
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Events

Data / Bkg

50
45
40
35
30
25
20
15

10E

0
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ATLAS FCNC t = u/c+H (multi-lep)

e Re-interpretation of ATLAS ttH
analysis in multi-lepton final states
« 8 different categories defined by
lepton multiplicity and jet multiplicity:
o (ee, uu, ew) x (4j,>=9))
« 3 light leptons
« 2 light leptons + 1 fau

Non- % i
ATLAS * Data A [
/ -1 i
\s=8TeV,20.3fb t(tBK "1\’?';"3 ti(2z/y*) .tfH

,,,,, tt — WbHu . .
(BR=1%) Diboson Rare

7
Lt

WY l'd'i//

/Total Bkg unc.

; Z
........ 7777 /////////

TGV s R 0000 JCTIICYTIUTRIETIN: 4

eed] eex5] end] eus5] wpd] pp5 a1 2©
Category

The observed (expected) 95% CL
upper limits on the branching ratios
are:

* BR(t - Hc) < 0.79% (0.54%)

* BR(t - Hu) <0.78% (0.57%),
assuming BR(t —» Hu), BR(t —» Hc) =0
respectively




CMS FCNC t = c+H

« Analysis of 3 light leptons or 2 same sign leptons events,
selecting the final states (H —» ZZ, WW, tt) and t - bW(—2v)
*IwoO categories, no jet splitting:
e 2 light leptons SS
3 light leptons

19.7 o' (8 TeV)
> LT 1T T°71 | LI L I T T | LI L | T 17T | T T T
@ 16F CMS Bl AlC -
" Preliminary ]
S N I Non-prompt ]
~ 14r B wz-3w B
n B ]
% 12 I Rare ]
5 - —t—> Hc (BR=3%) -
10— —
8F -
6F -
4 .
ok 1
0 - ‘ ‘ ‘ ‘ ‘ ‘ r ‘ ; .,.,.,.:::::::7 .:.,_

0 100 200 300 40 500 600
H. [GeV]

Events / 20 GeV

400

350

300
250
200
150
100

19.7 fo™ (8 TeV
T T 17T

—

rrrrp et
—~ CMS

= Preliminary

0 100 200

300 400 500 600

T 1T | T |
I Charge MisID
I Non-prompt
B wz-3v

I Rare

—t— Hc (BR = 3%)

©
[
>
Q
0]
pm
=R
>
=
<
ol b Lo b v b b L

H, [GeV]

The observed (expected) 95% CL upper limits on the branching ratio is:
* BR(t - Hc) < 0.93% (0.89%)
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ATLAS FONC t = u/c+H(yy)

« / TeV and 8 TeV datasets are used.
* Main backgrounds are di-photon non-resonant
background and ttH
* Analysis considers both hadronic and leptonic final states
of the W decay:

» diphofon+jets (cut on m, )

« diphoton+lepton+jets (cut on m.(W) )

T T T T T T T T T T T T T T T T T T T T (2] 1 T T T T T T T T T T T T T T T T T T T T T -]
S 16 ATLAS | o Dam2otia02 1 © F " ATLAS -
Q] - N . . — Sig.+SM Higgs+continuum bkg. fit_| - -
- adronic Selection ] B A ]
I 14 (m,, = 125.5 GeV) IL dt=20.3f0", Vs =8 TeV
_.g - e SM Higgs+continuum bkg. B ' ’ 7
S 1o -~ Continuum bkg. = i Jl dt= 471" Vs =7TeV]
L ioF JLdt=20.3fb'1,\/s=8TeV ] 107 -
- _[L dt= 47" Vs=7TeV - 3
8 —— - B i
61 = i il
- o, . 102 | —e— Observed N
41 et = - --e-- Expected =
5 E o = .
] L[ J+x20 i
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 l 1 1 N 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1

900 110 120 130 140 150 16( 0 0.002 0.004 0.006 0.008 0.01 0.012 0.014

myy [GeV] B: _, on

Observed (expected) 95% CL upper limits on the branching rafios:
* BR(t - HQ) <0.79% (0.51%)




Run 1ttH (H->bb, WW, ZZ, 7, vY)

« ATLAS and CMS covered broad range of Higgs boson final states and ttbar decay
modes, grouped by decay products:

« H — bb, Multileptons (\WW, 1z, Z2), H - vy
» b-tagging and top-tagging used to suppress backgrounds.
» The analyses are characterised by large number of categories and control region.
* These analyses require an excellent modelling and confrol of tt+HF and ttV

Eur. Phys. J. C (2015) 75:349

S 105 ATLAS “+ Data
-~ E = o " S -1
% - - fiH (”m=1'5) CM3 I5=7TeV,50-51 b, (s=8TeV, 19.319.7 fb .
LCI>|JJ B | fiH (g5, 0 =34) T +— B %
104E°
- = o
B ©
B T » o
10°%= _ o
= {fH (H-bb) " —m IS
: - : N
- \s=8TeV,203f0" | S
10% T, 3l = e ~
= Combined
- Single lepton and Dilepton Same-Sign 2| [— ——
5 ]ngi_l L1 |-| coa v b b b by |_: Combination — l I .l_._.l l I
g 12%: ggﬁ $MZ15) +SB4I;gdBk d 4.-j---_.g _1{] 1 I_2I 1| {] 1 1 2 | 4 1131 E [ | E L1 I-I{]
oE L =3.4) + Bkgd. T : _
s % o S = o Best fit o/cg,, at my, = 125.6 GeV
© 0.8t =
0O 06E ! ! . . . . =
-4 35 -3 -25 -2 15 -1 -05
ATLAS 2955 CMS

u=1.7+0.8 @125.36 GeV 8 TeV: u=2.8+1.0 @125.6 GeV
Local Significance: 2.5 obs (1.5 exp) o Local Significance: 3.4 obs (1.2 exp) o
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Run 1 Combined Measurements

* Higgs Yukawa couplings to tt established JHEP 1608 (2016) 045

> T L | T T T T
already from Run 1. E> 1t ATLAS and CMS

¥ - LHC Run 1

5 L

e H — ttisstill the only leptonic channel
accessible for few more years and it is the vy
fermionic channel with the best sensitivity.

¢ ATLAS+CMS ]
------- SM Higgs boson |

* ttH measurements are among the most ;
inferesting topics of LHC Run 2. 107

— [M, €] fit
. [ 68% CL
* H — bb sensitivity already above 3c during . [ 195% CL
Run 1, but observed value was lower than e THRErea
that. Particle mass [GeV]
3ifljéé{s'a;nd'c)wé' C Orow
=5 T un [(H->2zz
Observed Expected = CJH - ww
Significance(o)  Significance (0) L LR
I [TH-bb
VBF 5.4 4.7 [
WH 2.4 2.7 13_ (H E
/H 2.3 2.9 [
VH 3.5 4.2 O:_ ]
ttH 4.4 2.0 I
I 1
H%Tl' 5-5 50 —680{0CL * I:%esffitI *.S'\./I e>fpec‘>tedI o
H->bb 2.6 3.7 0 1 2 i3
l'ngF+ttH
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Run 1 Combined Measurements (2)

g
P
gsm
o ppf — 2i(F) X I (#
; —

» Several BSM models predict A, and A, # |

Adu = H»d/"iu

Avu = Kv/Ku

Ruu = Ru - ﬁ?u/"fo

)\gq — fif/fiq

* Quark couplings probed mainly by

ggH. H - bb

e Lepton couplings from H — 1t

* Precision:

. 12,1 €(0.80,1.04)
. 12| €(0.88,1.21)

Py

Vq

aq

ATLAS and CMS
LHC Run 1

@ ATLAS+CMS
=¥ ATLAS

-4 CMS

— 1o interval

— 2c interval

Parameter value

ATLAS and CMS
LHC Run 1

—E*—

————

-®- ATLAS+CMS
=¥ ATLAS

-4 CMS

—tic

—*20
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Run I H —ell

« CMS uses unbinned fit of the eu mass spectrum.
* 11 categories (2 VBF + 3x3 barrel/endcap combination x
number of jets), similar to H - uuw and H — yy analyses

* Background modeled by polynomial, exponential and
power law (category dependent).
 Signhal modeled by the sum of two gaussians.

19.7 o™ (8 TeV)
T T T T T

T T T T
| CMS
I~ Preliminary

- eu

—
o
o

Events / GeV
3
[

s

60f
40l

20l

3
3
3
3
|

T | T T T |
e data .
— background fit ]

-LFV Higgs (B=0.1%) _|

J

Pro™"T20 4

tedandodo FIS T IO IO NS O R T
30 140 150 160

M(eu) [GeV]

incOjet
0.625 10 (exp.)
0.417 - 103 (obs.)

incijet
0.941 10" (exp.)
0.659 - 10 (obs.)

inc2jet
3.016-10° (exp.)
3.597 - 10° (obs.)

VBF
1.878 10 (exp.)
3.470 - 10° (obs.)

all
0.480 - 10° (exp.)
0.358 - 10 (obs.)

CMS Preliminary 19.7 o™ (8 TeV)
TTTTTTTTTTTTTTTT

| 1 | ||III|IIII|I|II|II|I|IIII|IIII
I * Observed
X Expected

- [ ] Expected + 16 —|

l [|Expected + 2

I|III:IIII|IIIIllllllllII|IIII|]III|IIII 111

-1 0 1 2 3 4 5 6

|I
8
95% CL limit on B(H—ep), 107

No excess observed: 95% CL limit is BR(H—euw)<0.036%
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Run I H — uu

95% CL limit on u

-1
. Physics Letters B 738 (2014) 68-86 _ - 1000t 2. 1 (8 TeV)
T T3 [ 0.1-Jet Tight BB —e— Data CMS
7 Q) T 19
50_ATLAS H —> u l,l, . B = o __3
C  Observed CL \s=7 TeV 4.51b ] % i Background model 1o
N --- Expected CL \s=8 TeV 20.3 fb_1 _ c I SM Higgs boson x 20 :(I;
40C @10 ~ L%’ 600 - S
L [+ 2c - i 3
301 = 400 1R
B = B 10
20:_ —: 200_— _5
10__ ] 0 : : : 2
B 7] 3 E- x2/NDF = 45.7/48 = 0.953; p-value: 0.566
N 1 g 2
O‘.|....|....|....|....|....|....|._ g 9
120 125 130 135 140 145 150 & 2~ — 01—
m, [GeV] 110 120 130 140 150 160
H m,,, [GeV]

» Excellent mass resolution provides a clean signature.
« Result extracted from the fit of the m,, Mass spectrum, similar fo H — yy

* Evidence of H —» tt and limit on H —» uu means no universal coupling of the
Higgs fo leptons, as expected.

* Need significantly more stafistics fo reach sensitivity to the SM rate of H —» uu
ATLAS: CMS;

Limit @ m =125 GeV: 7.0xSM Limit @ m =125 GeV: 7.4xSM

(7.2 exp) (6.5 exg)




ATLAS: Phys.Rev.Lett.117, 111802 (2016), Phys.Rev.Lett.114, 121801 (2015) CMS: Phys.Lett.B 753 (2016) 341

[

/':\

» Final states with ¢, J/y and Y(NS) + y are
sensitive to s,c.b-quark Yukawa couplings
» A dedicated frigger is used for the

H - yo(— K*K") search.
« uuy final state is used by both
experiments, CMS also adds eey events.

95% CL Limit ATLAS:

*BR(H — y0): 0.14%
*BR(H - vJ/v): 0.15%
* BR (H - vY(1.,2,35)): 0.13%, 0.19%, 0.13%

95% CL Limit CMS:

*BR (H —» vJ/y): 0.15%
*BR (H - yy): 6.7xSM

>
S 120 ATLAS -
g - \s=13 TeV, 2.7 fb"
S 100 ¢ Da 7
Lﬁ : \ - Background Fit
- [ BHoop)=107
80— [ Bz—em)=10® -
601 —
401 -
20— —
= ot
S 156 r
s 1 :
O 0.5F
% 50 100 150 200 250 _ 300
My [GVI 49 7 167 (8 Tev)
> 1 2 _I L | IIIIIIII I LI | LI | L L | L L I LI B
© - CMS
O i e Data
o 10— Background model ]
% B t1a +t20 ]
< 8 [ ] 500x SM H—(J/¥)y — upy—
)
@ i
L

| |

i IIIIII bd T |
10 115 120 125 130 1

35 140 145 150
m,,, (GeV)
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Run 2 H — uu Results

« 201542016 limit greatly improves the Run 1 result.

* Results are in agreement with SM so far, some gap to be closed still to
reach sensitivity to SM predicted cross-section.

» Expect to measure H —» uu (second generation fermions) during the
lifetime of the LHC.

S B | S/vYB | FWHM | Data
Central low p/* 11 8000 0.12 | 5.6 GeV 7885
Non-central low p/* 32 | 38000 0.16 | 7.0 GeV | 38777
Central medium pi" 23 6400 0.29 | 5.7 GeV 6585
Non-central medium p4" | 66 | 31000 0.37 | 7.1 GeV | 31291
Central high pf" 16 3300 0.28 | 6.3 GeV 3160
Non-central high pf* 40 | 13000 0.35 | 7.7 GeV | 12829
VBF loose 3.4 260 0.21 | 7.6 GeV 274
VBF tight 3.4 78 0.38 | 7.5 GeV 79
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Run 1 search for h -1t

* The search for LFV decays of the
Higgs boson are an inferesting
door to New Physics, H — 1y, te.

* ATLAS searches for LFV H — 1/
decays are in part adapted from
the H - rr analyses.

* A data-driven method is used by
ATLAS for It, channel, relying on

ut, 0 Jets
1.32% (exp.)
2.04% (obs.)
ut, 1 Jet
1.66% (exp.)
2.38% (obs.)
ut, 2 Jets
3.77% (exp.)
3.84% (obs.)
ur,, 0 Jets
2.34% (exp.)
2.61% (obs.)
ur,, 1 Jet
2.07% (exp.)
2.22% (obs.)
e, 2 Jets
2.31% (exp.)
3.68% (0bs.)
H-ut

0.75% (exp.)
1.51% (obs.)

symmetry of the SM bkg processes
between eu and pe final states.

* Collinear mass used by CMS and
by ATLAS in It, channel. ATLAS

uses MMC reconstruction in the

It ., channel.

*Small excess observed by CMS in 3

out of 6 categories:
* 2.4 ¢ excess

et,, 0 Jets
1.63% (exp.)
1.82% (obs.)
et,, 1 Jet
1.54% (exp.)
0.94% (obs.)
et,, 2 Jets
1.59% (exp.)
1.49% (obs.)
et,, 0 Jets
2.71% (exp.)
3.92% (obs.)
et,, 1 Jet
2.76% (exp.)
3.00% (obs.)
et,, 2 Jets
3.55% (exp.)
2.88% (obs.)

H—et
0.75% (exp.)
0.69% (obs.)

19.7 fb” (8 TeV)

® Observed

X Expected
- Expected * 1o
\:] Expected + 2¢

HE

ey T ] ey e e e G SR

0 2 4 6 8 I10
95% CL limit on B(H—pt), %

CMSPreIiminary
L R e

19.7 b (8 TeV)
R I e e e
. * Observed

X Expected

. - Expected + 16 |
. \:I Expected *2c

| |

T RE AT |

0

e P
95% CL limit on B(H—et), %

I1s=8TeV |

N
i
m

| ATLAS

Ldt=20.3fb"

N

L AL I
E55% Expected t 1o

Expected +26 —
= Observed

Excluded

UL SR1

Wt o SR2
Mt o Comb
M\ep‘ SRnoJe(s

W r\ep' SRwimJels

HT o Comb

pt, Comb
|

2

4 6 8
95% CL upper limit on

| 11| | -
10 12 14
Br(H — nur), %

S
| ATLAS

is=8Tev |

Ldt=20.3fb"

F55% Expected + 16
Expected £26 —
—— Observed

Excluded

et SR1

et SR2
er,,q Comb
ETiep> SRnwas

ETiep> SRwithets

€T, Combo

IlllJIlIIIllII

et, Comb

2

4 6 8
95% CL upper limit on
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Simplified template cross sections

 Simplified template cross sections (STXS):
« Aimed to balance experimental precision and theory uncertainties:
* Independent very simple fiducial region definitions for each Higgs
production mode based on Higgs kinematics and associated
particles.
* The experimental selection can be different and can use MVAS
« STXS definitions are common for ATLAS, CMS and theory
* First (stage O and some stage 1) measurements done already in Run 2
v:1610.07922 arXiv:1802.04146

ratios of Ty Tzz Tww Tos Trr  (Tzy Tup) ATLAS Simulation  H —yy, m =12509 Gev

tHW i
tHg

ttH
gg —= Hil (= 1-jet, p¥ = 150 GeV)
gg — Hil (O-jet, pr = 150 GeV)
gg — Hil (p! <150 GeV)
qq — Hil (p! = 250 GeV)
qq — Hl (= 1-jet, 150 = p! <250 GeV)
qq — HIl (O-jet, 150 = py < 250 GeV)
qq — Hil (p! <150 GeV)
qq — Hiv (py = 250 GeV)
qq — Hiv (= 1-jet, 150 = py <250 GeV)
qq — Hiv (O-jet, 150 s p’ < 250 GeV)
qq — Hiv (py <150 GeV)
qq — Haq (p; = 200 GeV)
qq — Hagq (rest)
qq — Haq (VH)
qq — Haqq (VBF-like, 3-jet) | -
gq — Hqg (VBF-like, 3-jet veto) |~ *
ggH (VBF-like, 3-jet) :

?‘?H (VBF-like, 3-%')%! vetoi

agH (= 2-jet, p = 200 GeV
agH (= 2-jet, 120 s py <200 GeV) |

ggH (= 2-jet, 80 = p; <120 GeV) | *

ggH (= 2-jet, p; <60 GeV) |

STXS Regions

RESERRRRREY

Region Purity / Category

= ggH (1-jet, p;' = 200 GeV)
| low pY. | ggH (1-jet, 120 =p? <200 GeV) [~
i ggH (1-jet, 60 < pi <120 GeV) [
m = O-Jei | ggH tl-jal'lx <SD G‘EV) ‘r andesa < 3 b T PP P PP T PR PP
S |highp}' ggH (0-et) 1 | I I I
N 3 Z0o oI oI SEEE = IzITago<xmON—QTTo
— > 1-jet | gggggﬁgggénnn 65%93932—5'5%5523%
b - = La=2xla=2x0 =229 SO IIIIP oS oam DL T T
very high py. 83222 RAQd - gEELL8gTS83338 28
TITIsIIIT I EvEST =S TIEESS IT
SEEEEEEEER) B34 Pt A T
— u_m*h.
\o(ttH) | [cbH)| [o(tH) | 8850 Category
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ATLAS STXS

« Hoyy: 31 experimental categories, roughly matching the STXS bins
« Still oo fine granularity for precise measurements in all STXS bins with
just one channel, but can measure in combined bins.
« ATLAS performed a combination of STXS measurements for the
H-yy and H—»ZZ* channels.
* |n addition to cross section measurements for all production
modes, also perform measurements of some kinematic bins
» Best precisions of ~20% reached

arXiv:1802.04146 5 ;
s=13 TeV, 36.1 fb
ATLAS H— vy, m =125.09 GeV
H ATLAS-CONF-2017-047
jet) — : e} — . —
ggH (0 jet) i = —  gg—sH, O-jet ATLAS preliminary A40% ° Data =
ggH (1 jet, plf < 60 GeV) — —e— s_ + 0s Y5=13TeV,36.1 fb! ~ 0 _
j " F 2 L ~100% H d HoZ7—sdl gg—Hgg ]
ggH (1 jet, 60 < pf < 120 GeV) [ —— m o ag—H, 1t —yyand H=22"— P <200 GeV B SM
s -~ — ' _
ggH (1 jet, 120 = p'! < 200 GeV) |- —— mw_r 10 — 23% pf <60 GeV my;=125.09 GeV, WH| <25 + ]
ggH (1 jet, p! = 200 GeV) | R X — =
ggH (= 2 jet, p!! <60 GeV) [— —_— © — "60% gg—)H->2—jet "40% — ]
ggH (= 2 jet, 60 < p' < 120 GeV) |— —.— | H EaaGeV "400% 0/ —
! E gg—-H, 1-jet Py <200¢ o e~ 190%
9o (= 2jet, 120 = pl! < 200 GeV) | — | —— I ?3 — 60 < p < 120 GeV or VBF-like 99/99 99/9q—tH_|
ggH (= 2 jet, p: > 200 GeV) |— ——— E - 16 —_ 55% --40% - E
ggH (VBF-like) |— — <14 _H 1-iet gg—H, = 1-jet —
: T oo 99— ™ P!> 200 GeV ]
qq — Hag (VBF-like) |- —— 10 120<pf < 200 GeV +gg—Hgg
qq — Hqq (VH+Rest) — —_————— 8--209’0 pJT 2200 GeV
aq — Haa (pl, = 200 GeV) |-e———— Simplified template cross section measurements
VH (leptonic) — -—o—l—
top _I | 11 1 | 11 1 | 11| ‘-_I.T 1 | 111 | 111 | 111
SM prediction -6 -4 -2 0 2 4 6 8

Measured o x B normalized to SM
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CMS STXS

CMS Preliminary 359 b (13 TeV)
e Results quoted for the = e ol % el octiovlifies A
conventional production modes o ’ B i il
= ~17% ~45% ediag) SM prediction 'IU
W i ~40% 1%
. it i : ~30% I
VH Sp“T iNto V(QQ) and V(qq) i-i H+W(lv) —60% tHH _2
N 1F ‘ H+Z{ll/vv) * —E ;
* Th. uncs. in SM predictions (grey % =
bOndS) Sep(]r(]'l'ed from exp. and X 40k Stage 0 Simplified Template Cross Sections |
th. uncs. in the measurements o TS
« STXS measurement using “big 5” 10°F bb i
decay channels R ol * ¢ ~30% i
o} L e R TR S S
~ A * :
* Best precisions of <20% reached g '} B
m
107'F ' ¢
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Run I Higgs Summary

JHEP 08 (2016) 045 _

I r I ' I ' I ' I I I T — 3 T T T T T T T T T T T T T T T T T T T T T T T T T T T
> = B | | | | | ]
5 o LHe ot M Snom 1 £ [ ATLAsand cws Ly
== un 1 [H-2z IS) . LHC Run 1 e CMS He?y A
i |:| H—->WW S 25+ ihili - e CMS H—7ZZ —4]  —
- SM p-value: CJH - = - COTP?!'-'?'."W p-value: o e mbined -
2F 88% C_g - X Best fit i
I > 2/ —— 68% CL —
I %) [ . i
: B \~~~ >< '»,2— " |
i : DL XD ,I' :
oF - L P
: _ 0 5_ 1 1 | | 1 1 1 1 | 1 1 1 1 I 1 | 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 ]
- - ' 124 1245 125 12565 126 1265 127
| —68%CL + Bestfit * SM expected ] m,, [GeV]
P S S S S I S S S EN SO ST S . . . H
0 1 2 .3 W=0 Bl(o B)SM
l'lggF+ttH

» Measure ggF+ttH production and VBF+VH production for each decay mode
» Measurement of the combined ratio: p, ...\, /M ey = 1.06 9%

em, =125.09 + 0.21 (stat.) £ 0.11 (scale) = 0.02 (other) £ 0.01 (theory) GeV
» Mass measurement uncertainty is dominated by the statistical error.
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Run I Higgs Legacy

ATLAS+CMS Run 1 combination

Observed Expected
Production process Significance(o)  Significance (0)
VBF 5.4 4.7
VWH 2.4 2.7
/H 2.3 2.9
\VH 3.9 4.2
ttH 4.4 2.0
H>TT 5.5 5.0
H->bb 2.0 3.7

» Higgs mass measured with 0.4% accuracy

 goF and H —» ZZyy.WW observed by individual experiments

* VBF production and H — 1t observed with >5a0 significance by ATLAS+CMS
combination.

 ttH, VH production and H - bl not observed during Runl, they are
among the most interesting topics of LHC Run 2.
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