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Run-1l : Higgs boson

strikes back!
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Higgs boson production at LHC

M(H)= 125 GeV -
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Higgs at LHC : Run-Il vs Run-II

Cross-section vs /s
Vs=8TeV —
cross-sections increase:
ggF, VBF by 2.3 x
ttH by 3.8 %
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Higgs boson decay modes

For a mass my ~ 125 GeV, several decay modes are kinematically accessible
= a thorough study of its properties is possible
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If it is the Standard Model Higgs boson, its properties are:
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= can probe several couplings and states

Observation of H — vy = C = +1 and J # 1 (Landau-Yang theorem)
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Higgs at LHC : Run-Il vs Run-II

Mass measurement
From run-l, combined ATLAS+CMS measurement
Now repeated at Run-II

Cross-sections, Couplings

Fiducial and total cross-sections at 7, 8, 13 TeV

Couplings from run-I combined ATLAS+CMS measurement, and being repeated in Run-lI
ttH production and H — bb

Spin and CP properties, width, differential cross-sections
From Run-I, being repeated in Run-II
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Mass measurement

[arXiv:1503.07589v1 [hep-ex] 26 Mar 2015 PRL 114 (2015) 191803]




Mass measurement

Using the H — ~vv and H — ZZ* — 4( decay channels
that allow a full kinematics reconstruction with good invariant mass resolution (O (1 GeV))

(main source of systematic: energy scale)

my = 125.09
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ATLAS and CMS e Total Stat. =3 Syst.
LHC Run1 Total  Stat. Syst.

ATLAS H - yy b———+ 126.02 + 0.51 (+ 0.43 £ 0.27) GeV
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Mass measurement Q@ 13 TeV

CMS Prellmlnary 12.9 b (13 TeV)
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Importance of mass measurement

The Higgs sector has two parameters: 1 and A related

to the VEV v and the Higgs mass my by: p = %
In the Standard Model, my is the only free parameter of the Higgs sector 1/ mp 2 1
and A = — <—) . Since v = is known,
2\ v V2 G
my is the only free parameter.
cross-section decay width branching ratios
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= everything else is calculable, once my is given.

[https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageBR]
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageBR

Cross sections
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Cross-section from ~~ and 4/ final states

[CMS-PAS-HIG-16-033 , CMS-PAS-HIG-16-020]

Fiducial cross-section vs /s
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Improved theory calculations for gluon fusion:
Run-l: NNLO+NNLL: £8% from scale and 7% from as+PDF

Run-Il: N3LO: +4% from scale and £3% from as+PDF
. now experiments need to catch up!
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Cross-section from ~~ and 4/ final states

[ATLAS-CONF-2016-081]

Total cross-section vs /s (v and 4¢ combined)
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Measurements of couplings

[arXiv:1606.02266v1 [hep-ex] 7 Jun 2016  accepted by JHEP]




Couplings — the “k-framework”

m
Reminder: in SM Higgs couplings are g;gM S and g\“jM =2—-
v

Couplings are accessible through production (ii — H) and decay (H — 00)

. " . . rr " g
Define “couplings modifiers” x, = 5);\4
o gx
2 .2
Su RS KS
_____I{ _____ X, g = OiisH—00 = 0ji3H 00 X ;{2
H
o def TH . 2 2 ppSM
o (ky = —Fﬂv’ — if no BSM decays, k1, = E KoBRE”. 00)
(@)

(... otherwise need to allow one extra free parameter, BR to new physics, Bgsy — see later on)

= Several couplings: ~,, K, Kp, Kw, Kz, Kt ...
= effective couplings: kg, K ...

Assume weak gauge boson universality: xy = k7 = kv and fermion universality: x; = kK = Ky = Kr

Loop-mediated interactions described as in SM:

gg — H (mainly) through top/bottom virtual loop
= Kg = Kt,b = Kf

P H — ~~ through top and W virtual loops
= K2 = (126w — 0.26 k¢)” = (1.26 Ky — 0.26 if)°
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(Universal) couplings to fermions and weak bosons

LHC Runl1
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Exploit final state topologies (e.g.
VBF, VH)

= measure K\, kf for each decay
channel
= then combine decay channels

= all measurements compatible
with SM prediction (J)

(li\/: 1, Rf = 1)




Relaxing some assumptions

Testing up/down and lepton/quark universality

Testing the EW symmetry breaking: (would be broken in 2-Higgs-doublet models)

Rw Rd Ky
Awz = — Agy = — Aig = —

Rz Ky /{/q
<10,““\‘H‘\“H\‘HwH‘w“‘w“‘w““, <10,‘|‘“‘\““\““\““\““ L B <10,“‘\“‘\“‘\“‘\“‘ T 7
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Testing the ggH and H~~ interactions

ggH and H~~ interactions in SM are mediated by loops
—————— i 7 = particularly sensitive to new particles in the loops

g

=) L I L
“ | 6L ATLAS and CMS [JATLAS+CMS
"I LHC Run1l |:|ATLAS
I [lcms ,
14f }
L.2r | = consider k., k- as free and profile others
17 —]
[ = again, compatibility with SM (3)
0.8 -
0.6 -
- —|68% CL o 95% 9L + Be‘st fit S‘M expectled —
06 08 1 12 14 16
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Summary of the rates (wrt Standard Model predictions)
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Summary of the couplings
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mn v v
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....... SM Higgs boson

v
more than 3 orders of magnitude!
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Testing decays to BSM particles

9 LI LI LI LI LI LI LI LI LI LI
< - [ [ [ [ [ [ [ [ [ .
s b ATLAS and CMS  [k,, ky, K, Kr, Ky, Koy Ky, B ]
~ 8 LHC Run1 :
s ’ A branching ratio to BSM particles
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Couplings at 13 TeV [CMS-PAS-HIG-16-020] , [ATLAS-CONF-2016-079]

H — ~~ channel H — 4/¢ channel

CMS Preliminary 12.9 fb™ (13 TeV) CMS Preliminary 12.9 fb* (13 TeV) g 1 : : ]

< 3 10 - ATLAS Preliminary i .
Hoyy H-yy :

~E m,, Profiled my, Profiled 2.5pH—-2z7 >4l E
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[+ Best Fit + Best Fit 2; my, =125.09 GeV N
1.5 -
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- —68%CL 1
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ttH production

[ATLAS-CONF-2016-068 , ATLAS-CONF-2016-080 , ATLAS-CONF-2016-058] , [HIG-16-022]

T I T T T I T T T I T T T I T T T I T T T
ATLAS Preliminary Vs=13 TeV, 13.2-13.3 fb™
—total stat. (tot.) (stat.,syst.)
 { B
ttHH-vyy) | F—@—— _ +1.2 +1.2 +0.2
9 _ (13 Tev 13.3 fo™) 0.3 -1.0 ( -1.0 ' 0.2 )
o :
T ’ - HO : +1.3 407 +11
tt fusion: 7 ttH(H - WW/tt/2Z) ——e—=— 2 g5 1 071 08 )
g (13 TeV 13.2 fo) :
T ttH(H - bb) e 21 700 (502,007 )
(13 Tev 13.2 fb?) : ' ' '
) ) ) ttH combination -o-- 1.8 07 (04 +06
o important to probe directly the ttH Yukawa coupling (13 Tev) o7 (0405 )
o cross-section 4x higher @ 13 TeV wrt 8 TeV fH combination e 1.7 708 (195 +01
(7-8TeV, 4.5-20.3 fbl) 1 1 1 l 1 1 | 1 1 1 | 1 1 1 | 1 1 1 ' | 1 | 1

0 2 4 6 8 10
best fit u_ for m =125 GeV
ttH

Table 2: Observed and expected asymptotic 95% CL upper limits on and best fit value of the
signal strength parameter ().

Category Obs. limit Exp. limit +1c Best fit p =10
Same-sign dileptons 4.6 1.7%09 55 27711 4, -1
Trileptons 3.7 23112, 1.3%12_1, [C M S’ 13 TeV, 12.91b ]
Combined categories 3.9 14197 _4 4 2.370° ;g
Combined with 2015 data 34 1.3706_4, 20108 4

Significance wrt no-signal hypothesis: 3.20 (CMS) , 2.8 0 (ATLAS)
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Search for H — bb

[ CMS-PAS-HIG-16-003 | , [ JHEP01(2015)069 , ATLAS-CONF-2016-091 |

CMS: 8 TeV ATLAS: (VH production)

H — bb  Best fit (68% CL) Upper limits (95% CL)  Signal significance ATLAS  Vs=7TeV, [Ldt=4.7 fo™; \s=8 TeV, [Ldt=20.3 fo™
Channel Observed Observed Expected Observed Expected SRR B R L L R R
VH 0.89 £0.43 1.68 0.85 2.08 2.52 - Tt .
tot stat syst
ttH 0.7 +1.8 41 3.5 0.37 0.58 staj ( yst)
16
VBF 28716 55 2.5 2.20 0.83 B 0.05+052 (+044 +027y
Combined 103504 1.77 078 2.56 2.70 H - -049 1-042 -025
L gt 0.65 0.50 +0.42y _|
. WH ¥ 1 1'1li0.61 (t0.48 t0.38)
CMS: 13 TeV (VBF production)
o Combination — == 051% 0.40 (+0.31 +0.25 ) =
CMS Preliminary 19.8 fo* (8TeV) +2.32 fo™ (13TeV) . | | " —o.?7 —‘0.30 ‘—0.22 |
_CI :\ T ‘\/\B\F\}-L T \b\B‘ “‘\ TT ‘ TT “II“ T ‘ T TT ‘ TTTT ‘,’ T ‘ T[T lll \: -1 0 1 2 3 4 5 6 7
E Bl — srev Observed B best fit pzo/oSM for m =125 GeV
- ---8TeV Expected \ B o
N [ — 13TeV Observed . ] ATLAS Preliminary Vs=13 TeV, [L dt= 13.2 fo"
5;---13TeVExpectedl\ I'. ] LI L L L L L R L L A LA AL |
— 8TeV + 13TeV Observed ‘ N Tot
[ ---8TeV+13TeV Expected § L — Tot. B
aF o CLe rasre X‘ﬁ?e” - ] Stat. Tot. (Stat. Syst.)
35 \ . ZH|- F—o—H 0-15fgj§Z (i832§’ fg:ii) —
. . L e 0.95 0.68 +0.68 _|
2 7] WHI= F B 0'33J:0.92 (To6a o67)
L es%cL B
-\ D Combination |- F-e=4 +051 (+0.36 +0.36) —
B ] 0.21 ( )
-0.50 ‘'-0.35 —0.36
0: | | | B R P I R 5\ C ]
11| L1 L1 | 11 | o 2 4 6 8 10
-12-10 -8 -6 -4
0-8 -6 U Best fit u:c/GSM for m =125 GeV
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Spin hypothesis test

and parity measurements

ATLAS: [ Eur. Phys. J. C75 (2015) 476 ] , CMS: [ PRD 92 (2015) 012004 ]




Spin/parity measurement

H — ~~: flat | cos 0*| for spin-0, sensitive to spin-2

spin 2
012 o e
L — kq = kg ]
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) e
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sensitive to spin and parity
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H— ZZ* — 4¢;

5 angular observables + myy, ms,
can probe polarization of both H and Zs
sensitive to spin and parity




Spin-2 tests

_ _ effective transition amplitude [JHU]
effective lagrangian

[HiggsCharacterization] A VV) ~ A1 [20};% frinm s afVs,, B0 g

LYV P (FUvF2 + 200 £y 4 YV i frLaB 22
L= DR XETY 43 ke X 3 FUA2 4 twTag op
A u i

v f +m (2(:5 belliety +2C6Vf}ﬂ,q To (exvets — ettert) +C¥Vtwa—i€%€%)

+ b T pee s

[ below, g = —21In LJ—P ] €vpr€h€ Ga€uvprdPd° (€31 (q€%,) + €55(4€31))
y 4 = L 2 [ cyvgue JuCpvooiicyaq” vV e uCpvprd” 4 \Ev1\GCva v2\d€y1
o+ +my 2 + 1o 1
A A
CMS X — ZZ + WW 19.7 o} (8 TeV) + 5.1 fb1 (7 TeV)
= ET T T T UL T 1T UL UL ILLEE | ,? 120 I : : : : : : : : : : : : : : b
s FTTT ‘ ‘ R o>t -eObserved ---Expected : { © © b i b bbb bbb
8 1L ATLAS Hozze .4 — 100 mmo'tic @@P:0 i 0 i i oboii i
T E 5 =7TeV, 45 f* El =~ - Py : : : : : : : : : : : : : : ]
g 102 [ — Data (s = 8TeV, 20.3 B % 80F O+ 20 l ‘]P t20 : : : : : : : : ]
i g_OiSM HﬂWW*ﬂeViuv % \_'I/ [ 0130 H :‘:| 1:30- H
§ 1oL 2 ke /=8 Tev, 203 15" _ £ 60f A P L
A= H - yy I é é é é é é P R SR B
< 9L 5=7Tev. 451" . A (o] R SO T T SO SO S S N A A R IR
/5=8Tev, 203 5" N : : :[: RS . I ]
103 . 20 ir ll l é rr[li‘ " I' &
: N ; SEESEESsSsSEEREE
107 \ . OF I = B l I o l 2
of N )
10°F X E 20¢ R ER ERRET
10E \ - 40F
B P I NN ] 60F é é é é é é é é I
-30 -20 -10 0 10 20 30 : o o
. [sN] (32} [{e} N~ [e2} = [aN] [s2) [{e} ~ (o2} —
~ . +, '+E +2 +€ +c +0 +£ +c , c £ ,ci+E +C +€ +c +0 +E +C£ £,
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@ gg production q@ production

= data favour spin-0
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Parity and CP-mixing

1
/:,(\)/ = Xy - {COSO& KSM ligHZZZuZ“JrgHWWWjW‘“]

1 ~
_ﬂ [COSO& /ﬂ;HZZzw/ZMV + sin « /fAZZZWZ“”}

1

T [cosa raww W, W +sinac kaww W, W~ “”] }

Standard Model : a =0, syvw =0, Kayw =0

Beyond SM : kyyy = CP-even |, kayw = CP-odd

CP-mixing for o # 0 and o # g

,é 30 T I T ‘ 1T T 1T ‘ 1T ‘ 1T ‘ T ‘ 1T T L ,é 307\ I T ‘ T T T ‘ T ‘ T ‘ T ‘ T \7
~ | ATLAS H - z2zZ* - 4l ] ~ | ATLAS H - zZzZ* - 4] ]
' - Vs=7TeV, 45 5 . ' - [s=7TeV, 45 fb* .
25 Opserved Vs =8 TeV, 20.3 fi5! - 25 Opserved s =8TeV, 20.3 fi5* -
i . i i . i N U
L Expected: i B ) Expected: i RHW = —KHW
o signal strength fit to data B o signal strength fit to data B
20/ o o - 20 ’ ¥ - 4N
[ Expected: SM ] [ Expected: SM ] - v
; ,\ : : : Ravw = kA
15 " . 15 .
10 . 10k .
5; A _7 5;_ ___________ L e .;
GwlmmH\mm‘kym\'IT'T-\-TH\MM 0m"m"m‘.Trmﬁmf-w:\"ﬁm‘m‘m = RHvv, Rayy compatible with 0
8 6 -4 -2 0 2 4 6 8 8 6 -4 -2 0 2 4 6 8
i Ksm ( PAW/KSM ) dan o
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CP-tests at 13 TeV [ATLAS-CONF-2016-079]

3127 T T T ‘ 1T ‘ T T ‘ T T ‘ LI ‘ 1T ‘ T T ‘ T \:‘-7 3127 T “‘! T T T T ‘ T T T T ‘ T T T T ‘ T T T T I 'l, ]
72:]’ i ATLAS Preliminary — Observed ) \:S’ i A_‘lTLAS Preliminary — Observed )
~ 10 H—>ZZ* — 4] — ~ 10 H—> ZZ* — 4] P
! o Bl B ' o ¥ El ! B
! 13Tev, 148%7" Expected : ! 131:“eV, 148" Expected / :
8~ - 8- S,
6 7 1  Some “tension” for kpyyy, ~ 2.10
4i / . not worrisome at this stage, though
Lossoct ™\ &
ol
| eswcL S RO ]
0 L1 | ‘ L1 | ‘ 1| \~T~~F'-¢- L ‘ L L-J-'F"\‘ 1

-8 -6 -4 -2 0 2
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Width measurement




Width measurement (phys. Lett. B 736 (2014) 64]

CMS 19.7 fb (8 TeV) + 5.1 fo* (7 TeV)
. . . > T T 17T | |||||||| | 1T 1T | L | 1T 1T | L I_
In Standard Model, the Higgs decay width is expected to 3 60 * Data ]
B ootV - Z2Z ]
~ o
be I'yj > 4 MeV _ _ = sl 8 qg - 2Z h
= cannot measure it from the observed resonance width o F I z+X i
(experimental uncertainty O (GeV)) S 0 > 1of b
w [ O 14r ]
Use H — ZZ™) — 4¢ decays. 30l T R
Compare Higgs on-shell (gg — H — ZZ*) and off-shell - o .
(gg — H* — ZZ) production cross-sections: 20[ 21 1] .
B . )
gHgg . gHZZ gHgg . gHZZ il ’ 110 120 130 140 éSOV i
Ogg—sH—77* X . Ogg—sH*—77 X > Ma (G
erH (2mz) .
200 300 400 500 600 700 800
m, (GeV)
- : A OggosH*—77 .
= under specific assumptions on how gy, gHzz scale with 3, ge—il gives a measurement of 'y
Ogg—+H—ZZ*
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Total width at 8 and 13 TeV  [pnys. Lett. B 736 (2014) 64, CMS-PAS-HIG-16-033 |

8 TeV 13 TeV
CMS Preliminary 12.9 b (13 TeV)
CMS 197 fb-l (8 Tev) + 51 fb—l (7 Tev) é 16 7\ 1T ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ T \‘ T 1 T
T 10— 4 observed = | 105GeV <m,< 1600 GeV T
q v 4| expected < 14 -
o r—— 2l2v + 4l . observed C}l B —Observed i
! 8 ; ...... 212v + 4l expected 12 I ---Expected -
Combined ZZ observed o —
------- Combined ZZ expected 10— _]
6 i ]
8 -
A= 7 eswer | 6 .
o | 959 CL ]
b= ————= -7
2 i i
i e8swCL | 2r -
R et e oL ]
0 _L&‘L“‘{;:‘\::\" | ‘ 1111 ‘ | ‘ 111 | ‘ 111 | I 1 1| 0 k—J'# L 111 ‘ L1 ‘ 111 ‘ 111 ‘ L1 ‘ 111 ‘ 111 | | \7
0 10 20 30 40 50 60 0 0.010.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
My (MeV) My [GeV]
= [y < 22 MeV (at 95% CL) = [y < 41 MeV (at 95% CL)
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Differential cross-sections




Differential cross-sections @ Run-|

[ EPJC 76 (2016) 13, JHEP 04 (2016) 005 , HIG-15-010 ] , [ Phys. Rev. Lett. 115 (2015) 091801 , arXiv:1604.02997 ]

CMS: H —» ~v, H— 4¢, H - WW"* — evuv

19.7fb™ (8TeV) -1
Siekepms T TrTTTTTl CMS 19.7 fb (8 TeV) = CMS S——TEA M CR L)
% 1°FCMs 5 LE T e e e s T T T
Q Data . ;' . & —+— Data ]
e r o.(mfv) from LHG Higgs XS WG ] () + Data (stat.CJsys. unc.) M gg-H (POWHEG+JHUGen) + XH 3 - Statistical uncertainty i
;__',_ [ = AMC@NLO + XH | o = Systematic uncertainty%% gg-H (MiNLO HJ) + XH = Systematic uncertaint 7
o 10F Y% HRES + XH SE! T+ Y Y 1
k<] E S8 POWHEG + XH . . § E B 10-1 Model dependence % gg—H (HRes) + XH _g— % - Model dependence |
3 [ oo igmig:i: EWiiEEsGGe:W i: fra 7] XH=VBF + VH + tiH ;2 % %4 ggH (POWHEGV2+JHUGen) + XH |
1k [0 XH = VBF+VH+iH gl = ° é NN ggH (HRes) + XH i
E . E El:/ , / XH = VBF + VH N
F 107 i
L p a 1
e 2 2 .
SR ) B S S H = - » 1
r 1 o 10 i 7 N 1
10% = 5 O 0.2} MR -
£ ] | Y N i
[ L I L1 2 25 - %H]§ 1
%z 0 50 100 150 200 x 0 i
E 3 T T T :" I 2 § -
2 ; ! e 18 59
' 3 F
g 1~+—r1&~a}m..&*§s'ﬂ.i...%.:V... '*f -‘% 051 E2f
e o1l ‘ ‘ ‘ e L S I N R T B B e 1 Nt :
ET: 0 50 100 150 200 0 20 40 60 80 100 120 140 160 180 200 k= 0(; 554558500120 140 60 T80-500
\44 o
P!’ [GeV] pT(H) [GeV] P [GeV]

ATLAS: H —» ~vv, H — 4¢ combined, H - WW* — evuv
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T P C =
% 1 M HRes + XH - _ % 10§ ATLAS gg-H B Opcxs X Awniopsipve E
Q [ E%E = XH = VBF + VH + ttH + bbH Q [ ~4- data, tot. unc. sys.unc. * O icxs ¥ Aucs_amMcanLo+pys
2 [ + 4~ data, tot. unc. - syst. unc. 2 r OLucxs * AsHerpaz.L1
T - F u Vs=8TeV, 20.3fb* T+ 1 (s=8TeV, 20.3 fb*
° Sl ATLAS pp—H g 2 H - WW* — evpy ]
©107F i 41 © [ -
[ i 10t ]
et [ 3 |
= i “ww ]
10 ] 1 1072 1
P I B ! Ll ! ! ! ! E ]
% T T T T T T T T T g 3
o + z 2
S 2 = =
2 °
ks . s 2 I -l O
l L L L L L L L L L E
% 20 40 60 80 100 120 140 160 180 200 % [0,20] [20,60] [60,300]
p! [GeV] pH [GeV]
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Differential cross-sections at 13 TeV

H— Z/* —
S
(0] 1
Q)
~
e
10"
L
|_
Q 2
Q 10
O
@)
-O 10-3

Ratio to POWHEG

4¢

CMS Prellmmary

12.9 fb" (13 TeV)

III|III[III|III

[ ] XH=VBF+VH +ttH

+ Data (stat.®sys. unc.) % gg—H (POWHEG+JHUGen) + X

=== Systematic uncertainty

III|III|III|III|III|III

Model dependence
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p_(H) [GeV]

H — ~v
= L5 e T
K ATLAS Preliminary my, = 125.09 GeV
P ~¢- data, tot. unc. [] syst. unc. -99—>H NNLOPS + XH+
= H-yy, Vs=13TeV, 13.3fb* Kggn =1.10
iQ'— ---XH=VBF +VH + ttH |
-o —
>
S
©
0.5 _
_____ +
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Conclusions

Run-1 analyses well mature, ATLAS-+CMS combined results

L L B B R
> T T o T L
I |: 1 'ATLAS and CMS 1 6LATLAS and CMS Oatias+cms ]
¥ [ LHC Run1l rLHC Run1 Olatas
- I I [Cews
o
1.4 B
2> 10 E i
7 [
N4 L
1.2+ B
1072 E [
F i ]
¢ ATLAS+CMS i
wike & SM Higgs boson | r
— M, g fit 081 1
[ 68% CL r
[ ]95% CL 0.6+ ) B
107 ‘ ‘ E F —‘68% CL o 95% C‘L + Be‘st fit * S‘M expecl‘ed
10 1 10 102 0.6 0.8 1 1.2 1.4 16
K

Run-II: efficient data-taking, analyses

o
T

Particle mass [GeV]

ey [T T T T T
2 4ooL ATLAS Preliminary — O,y My =12509GeV
JT: [ AH-yy oH-ZZ*>4l QCD scale uncertainty
QU
o 80 [ #comb.data I syst. unc. mm Tot. uncert. (scale ® PDF+a,)

Vs=7TeV, 451"
Vs=8TeV, 20.3fb"
Vs=13TeV, 13.3 b7 (yy), 14.8 b (22*)

Y

available for mass and couplings:

ATLAS

10
—— Data
—— 0"SM

- 2" (kg=Kg)

Arbitrary normalisation

1 1
10 11

1
12

= We are still compatible with Standard Model prediction

] T L B B e e e e LA B S e S
7] ATLAS Preliminary Vs=13 TeV, 13.2-13.3fb™| &~
] —total stat. (tot.) (stat.,syst.) 25
ttH(H-yy) | F——— N +1.2 +12 402
(13 Tev 13.3 o) : 0.3 -1.0 (—1.0 ' 0.2 )
. 413 407 411
tTH(H - WW/tt/2Z2) E —e—— p5 ‘13 (07 1) 15
(13 Tev 132 fbt) :
ffH(H - bb) L e T By S (R
(13 Tev 132 1) . ’ 05
i inati o=t 407 [ 404 +06
]t gombination SR 18 57 (%358
4 ttH combination 17 E?IS (L‘,"é, ;?'67 ) 05
o] remevias203® |y
13 0 10
Vs [TeV] best fit ey for m,=125 GeV

CMS Preliminary
3

H-yy

my, Profiled

b 02 04 06 08

0

705004

H - zZZ* - 4l
Vs=7TeV,45f"

Vs =8TeV, 203 fis*

H - WW* . evuv
Vs =8TeV, 203 fis*

H - yy

Vs =7TeV, 451"

Vs =8TeV, 203 fi*

550507

12.9 fb* (13 TeV)

1 12 14 16 18

progressing fast, (cross-section) X (luminosity) already beated Run-

CMS 19.7 b1 (8 TeV) + 5.1 fb (7 TeV)
E 10— 4! observed 3
IS [remmenns 4| expected
o~ [—— 22v+4l ., observed
! 8; —o2A2v + 4l expected
L Combined ZZ observed
I Combined ZZ expected
6
4= _Jf L L 9%CL |
o
L o eswcL_|
GL P RN A AE AN IAVAT AT A
0 10 20 30 40 50
I, (MeV)
CMS Preliminary 12.9 fb (13 TeV)

10

02 04 06 0.8

.. but uncertainties are still large.

10,

H-yy

m,, Profiled

q(vaKg)

+ BestFit
— 1o
=20
4 SM

1 12 14 16 18

Theory uncertainties improved a lot. Important to pursue precision measurements in the Higgs sector, in Run-Il and
beyond, to investigate possible deviations from SM
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Thanks for your attention




More maternial
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Statistical models used in measurements

Extended likelihood function: £(d&;V): ns, np: signal / background yields
_ X: observables
P signal pd - rbaCkgrggnd pdi fs, fp: signal / background pdfs
—InL(a; V) = (ns+ np) — Z ns - fs (Xe| @, Us) + np + 1y (Xe| V) : parameters of interest
e (mass, cross-section, couplings, . ..)
ancillary pdfs v: “nuisance parameters”
p 7 N (shape parameters, systematics, .. )
— Z In 7Tk(Vk) 7. pdfs obtained from auxiliary
k measurements
Test statistic: "Profiled Likelihood Ratio” (PLR)
_ N L(a; v(d)) — L(a;v(a)): likelihood for fixed & and “profiled” ¥/
gz = —2InA(a@) = —21In — o _ . o
L(&; D) — L(&;D): maximum likelihood for free &, U
< FITT
i E (04}

Wilks' theorem : if & = @™, then qs
follows a X% distribution, with D being

95% CL
2InA<60

95% CL

the number of parameters of interest &

=> compute confidence intervals for &

O O N W A OO N O ©
TTTTTTTT TTTTTT7] T

Ll Al e 11
06 08 1 12 14 16 18 2 22 24
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Higgs observation in Run-1: H — v~ and H — ZZ* — 4¢

H — vy

H — 4¢

M. Fanti (Physics Dep., UniMi)

Events / GeV

data - fitted bkg

Events/5 GeV

5000 T T
JLdt=45 bl Vs =7 Tev ATLAS ]
= JLdt=203 fbl Vs =8 Tev ¢ Data N
4000— Unweighted sum — Signal+background |
B ===+ Background ]
= — Signal -
3000(— —
2000— -
1000 —
0fp——t N
200k =
1oo§i =
Oi E
-100F- + ' =
110 120 130 140 150 161
m,, [GeV]
40F ° 2:;;;2011;2012 ATLAS
| iggs Boson *
C m,=124.3 GeV (fit) H—ZZ"—4l 4
351 (s=7TeV |Ldt=461
- L] Background 2, 22 s=8TeV JLdt=20.7fb"
[ Background Z+jets, tf B oo
301~ 7 Syst.Unc.
25—
2014
C |/
15 22
101 P
1 I 1 1 1 1 I
100 150 200 250
m, [GeV]

Higgs boson properties

Events / GeV

Events / GeV

-200

Events / 3 GeV

19.7 fo' (8 TeV) + 5.1 fb' (7 TeV)

CMS
H- yy

Sum over all classes
¢ Data

—— S+B fits (sum)

------ B component

- 210

...... +20

+0.26
14 -0.23

o =1
m,, = 124.70 + 0.34 GeV

LI I L B I B

0 v e b b b b v b Ly w0

B component subtracted

15

T

Covv v by b b b by v by by w09
100 110 120 130 140 150 160 170 180
m,, (GeV)
cMS Vs=7TeV,L=51fb";Vs=8TeV,L=19.7fb"

T I ‘ T T T ‘ T T T ‘ T T T ‘ T T T
35 * Data —
.Z+X .
30 . -
[zyzz ;
25 | |m,=126 Gev]
20 -

10

L L L L L L B L B

80 100 120 140 160 180
m, (GeV)
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Higgs candidates : H - vy and H — ZZ* — 4¢

H — ~v candidate at CMS H — ZZ* — ete u* = candidate at ATLAS

ATLAS

1A EXPERIMENT
Run Number: 183216, Event Number: 75692579

Signal




Mass measurement

Use the H — vy and H — ZZ* — 4{ decay channels
that allow a full kinematics reconstruction with good invariant mass resolution (O (1 GeV))

4¢ channel ~~ channel
AI7,""'"'|""""'I""""'I"""", ’\177""'""I""""'I""""',
3 C ATLAS and CMS —— ATLAS ] = - ATLAS and CMS —— ATLAS .
r — CMS N =~ - R B
T 6F LHCRun1 —— Combined E S 6[ LHCRun1 — Combined E
$ . - H-zz-4 e Stat. only uncert. NI - H-oyy e Stat. only uncert.
— . : i - S . =
T —— E S S/ A ;
3F 3 3f .
2 = 2 3
e e e = 1 N N N =
0 :I 11 1 1111 1 I 11 | 11 I | N I I I I I i | I: 0 : = I ;'l 1 1 1 1 1 I:
123 124 125 126 127 124 125 126 127
m, [GeV] m,, [GeV]
i = 125.15 + 0.37(stat) + 0.15(syst) GeV iy = 125.07 4 0.25(stat) & 0.14(syst) GeV
Good signal /background, low statistics Large background, good statistics
e, |1 energy scales from J/y, T, Z — 0/ ~ energy scale from Z — e"e™ and e — ~y extrapolation
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Comparison with SM expectations

Parameterisation p-value DOF Parameters

Global signal strength 40% 1 u

Production processes 24% 5 MgeF, HVBF, HWH, HZH, HitH

Decay modes 65% 5 v, utl, uWW, utT, bt

Decay modes with H —  75% 6 w7, u?%, p"W, u™, u, piv

Hu

uv and pr per decay 90% 10wy, wi, wy " ui w T " uE, g

Wy / pr ratio 75% 6 uv/ur, yp, H%Zr #EVW, HE, F‘?ﬁb

o; - Bf product 20% 23 (o- B)g;%, (c-B)%%, VS;;V B, (0 B) i, (0 B)g/:%p
(c- B)g]%}” (o B)X[BV}\;/ (c-B)ygpr (0B WH
i O A
(o B)%{/ (0~ B)Zz?/ (o B)V%qu\(/ ,(0-B)Zy, (o B)bng
(0 B)yrp (0 -B)isy, (0B, (0 B)iiy, (0 By

Ratios of o and BR relative  16% 9 o(gg—H—ZZ), oyer/ OggFr OWH/ OggF, OzH/ TggF,

too(gg — H — ZZ) O / OggF, BWW/B%Z, B17/B?Z, BT* /B#Z, BPY /B%Z

Ratios of ¢ and BR relative 26% 14 U'(gg — H — ZZ), U'VBF/U'ggF/ U'WH/UggFr UZH/UggF/

too(gg -+ H — ZZ) and O1tn / OggF, BWW/B?Z, B17/B?Z, BT /B?Z, BY' /B?7,

78TV Y05, Y1, of Y 1o o7V,
o I

Coupling ratios 12% 7 gz, Azg, Mg AWz, Ayz, Arz, Apz

Couplings, SM loops 74% 6 Kz, Kw, Kt, Kr, Kp, Ky

Couplings vs mass 55% 2 M,e

Couplings, BSM loops 11% 7 Kz, Kw, Ki, Kz, Kp, Kg, Ky

BSM loops only 87% 2 Kg Ky

Fermion and vector cou- 64% 2 Apy, Kyy

plings

Up vs down couplings 72% 3 Adw, Avu, Kuu

Lepton vs quark cou- 79% 3 Alq, Avg, Kqq

plings

M. Fanti (Physics Dep., UniMi)

Higgs boson properties

“Compatibility with the SM prediction of fit results as a
whole under the asymptotic approximation. For each pa-
rameterisation, the unconditional best fit is compared with
the conditional fit where all parameters are set to their
SM values. The conversion from —2In A to the quoted
p-value is performed assuming a two-sided distribution
with the specified number of degrees of freedom (DOF).
The quoted p-values are partially correlated between the
different parameterisations.”
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Extraction of signal yield per category ...

T T T T T
ATLAS pp—H-yy, /s =8Tev

> |
@2500, . o = Yy
L0 N o divide events in categories (e.g. number of jets, bins of bins of Y.
& g ! T Y
i} 1500; Nieis = 0, ¥ > 30 Gev é
1000;+d . é etc (- )
500 - — s*bfit & . . . . .
ey o from the invariant mass spectrum, extract the signal yield in each
glOO . + : R R : .
Sl ; G category / bin
110 120 130 140 150 G \]/.]60
m,, [Ge = e
F000F ‘ATLAS ‘ pp F‘i yy.\s ?;TV E Eg 4505‘ ATLASE 7|_7_
[0} ~Hoyy, \s=8Te | I o |
@ 800 Ldt=20.3 16" 3 400~ m\nary+ data .
5 E ! =125.4 GeV ] - -nafy ¥st. unc.
& 00 N;:L H>30Gey m’I =8 Te . % Mows (FUW‘*EG‘*PvBqu
w0k E .\‘5‘1 TXH = vBE L, vy, ity
E —e—data E {b
200 [— — s+b fit
E --- background, b E N
2100 E ‘ ) Vs =g Tey
§ sg ; = Lot <203 g0
50 E E 0%
110 120 130 140 150 160 % 90 = - T
m,, [GeV] O go0E :
T T T T 5 - = T ... e Latetetey)
E 3004 ATLAS pp-H-yy, E=8Tev §) 700 = -
7 Ldt=2031" = = - o 0
‘g 250: I E v 600 m =
o E m,, = 125.4 GeV 3 7z = T
@ 200~ Neo=2,pM>30Gev 3 w 500 = 3
150 = = <
o0k 3 400 ¢ S 2l u
E -e—data B — i
S0l — bt v 300 2 T The
; --- background, b ; 0 s 3 t -
@ 50 E ‘ ‘ E 20 0 - - 0 0 (= V] _.'.‘.i:::‘:.:‘:‘:.:.:‘:.5:‘:‘&‘6&6.‘i"".‘"0'6‘."'-
% o 3 10 - & = --«?c?g!.go?‘,t,o?:;:;s:g:s:gg::
b -50 't E 140 myy 1 >
110 120 130 140 150 _ 160 o 100 >3
m,, [GeV] % 50 F Reconstructeq
> : : : — [ 0 ets
g 120 ATLAS Pp-HoyyE=8Tev 7 4 0§ 12
@ 100 L dt =203 fo* - o =
é soF J;nH:125.AGeV B a —50 11 O
I E + + New23, pf>30Gev ]
60— -
OF 2 . . . .
0 s R o then unfold the experimental effects (efficiencies, migrations, .. .)
i: 20 E . .
§ of : = get the cross-section per category / bin
e KA -
110 120 130 140 150 160
m,, [GeV]
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Differential cross-sections

data / prediction

10257177 Remmmmmeeeeekeeeeeees =
B
4t + ]
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H-2z2 -4l N gg —H (MINLO HI+PS) + XH
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[T 99 ~H (HRes) + XH
0.04 ====XH = VBF +VH +ttH
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200

do,, / dly| [fo]

data / prediction

do,,/ dly| [fb]

T e e e
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[ Hoyy (s=8TeV /7] 09— (HRes) + XH ]
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ttH production [HIG-15-008 , HIG-16-004 , HIG-15-005]

g iy = 125 Gev 2.3-2.7 o (13 TeV) m, = 125 GeV 2327 b (13 TeV)
— : o L 20F
f= - CMS ttH combination = L CMS
a 70 o HIG-15-005 H- yy c 18F
~ - Preliminary HIG-15-008 H- leptons o " Preliminary
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[to be updated if new results arrive from CMS 2016 data]
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Total cross-section from ~~ and 4/£ final states

[ATLAS-CONF-2016-081]
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Parameter Best-fit value SM prediction
Decay channel Total cross section (pp — H + X)
V5 =TTeV V5 =8TeV V5 =13TeV (o - BY?Z. (pb) 1.67 t041 1.18 + 0.07
H +13 +15 +14 ggF ) _037 ' '
- yy 35T, pb 30.5%;; pb 3775 pb
H—ZZ* — 4f 3372 pb 37+ pb 81718 pb
Combination 34 + 10 (stat.) fg (syst.) pb 33.3f§:§ (stat.) f}:; (syst.) pb 59.0f3:§ (stat.) fg:g (syst.) pb O-VBF /O-g QF 0.25 tg ig 0.079 :I: 0.004
SM predictions [7] 192+ 09 pb 245+ 1.1pb 55.53:: pb ’
BY? /B% 0.041 001> 0.086 + 0.003
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