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Discovery of a Higgs-like boson (July 2012)
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@ Greatest achievement of Run 1

@ Sizable efforts spent studying its
properties, searching for NP

@ Magnitude of its couplings to other
particles is of utmost importance
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Higgs couplings (ATLAS+CMS)
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-12-028/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2012-27/

Higgs boson production

—-eeoH

VBF VH ttH

E g Other production mechanisms
= 2
= -8 T . .
< g bbH, gg — ZH (box) and single-top+Higgs
I . . o
T = contributions not targetted by specific
g_ categories, but implemented in the fit model
&
5
Production Cross section [pb] Order of
process Vs=7TeV  \s=8TeV i
2gF 150£1.6 19.2+£2.0 NNLO(QCD)+NLO(EW)
VBF 122+003  1.58+0.04  NLO(QCD+EW)+~NNLO(QCD)
WH 0577 £0.016 0.703 +0.018 NNLO(QCD)+NLOEW)
ZH 0.334+0.013 0.414 £0.016 NNLO(QCD}+NLOEW)
[ggZH] 0.023 +0.007  0.032 +0.010 NLO(QCD)
bbH 0.156 +0.021  0.203 +0.028 5FS NNLO(QCD) + 4FS NLO(QCD)
5 | | | | | | tH 0.086 +0.009 0.129 +0.014 NLO(QCD)
100100 N Tan  1an tH 0.012£0.001 0.018 +0.001 NLOQCD)
80 100 120 140 160 '\1/|80 200 Total 17.4+1.6 22.3+2.0
L [GeV]
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Higgs boson decay channels

SM Branching ratios at

“§ 1 T T T : T T T T T T T \E%; mH = 125.09 :l: 0424 GeV
c e
2 T Decay channel Branching ratio [%)]
g
50 - H — bb 57.5+1.9
T E E H—WW 21.6 +0.9
o ] H— gg 8.56 4 0.86
@ ] H— 77 6.30 + 0.36
302 < H - cc 2.90 + 0.35
T ] H— 77 2.67 +0.11
[ = H =y 0.228 £ 0.011
102 H = Zy 0.155 4 0.014
H — pp 0.022 £ 0.001
BR(VV*) vary by = 2% in 1 o(my)
LNy Y | v

| I I S| L N
108 100 120 140 160 180 200
M, [GeV]

No analysis dedicated to

H — cc or H — gg (very low %)

Both production & decay depend on my — measure my first and every

other property will be measured

at this mass
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Individual combination by each collaboration

Each experiment already published its combination, with different inputs
Results from 7 TeV (5 fb~1) + 8 TeV (20 fb~!) datasets from 2011-2012

oo 19.710" (8 TeV) + 5.11b" (7 TeV) ATLAS _ Input measurements
D’::’:iozo “ CMS m,= 125 GeV Individual analysis b oo +loonp
H- yy (untagged)
0.84

H—s vy (VBF tag)
H- yy (VHtag)
H—s vy (ttH tag)
H— ZZ (011-jet)

H— ZZ (2-jet)

H— WW (0/1-jet)

H— WW (VBF tag)
H— WW (VH tag)
H— WW (ttH tag) B
H— 1t (0/1-jet)

H- 1t (VBF tag)

H— 1t (VH tag)

H— e (it tag)

H-» bb (VH tag)

H-bb(tHtag)|
-4

Pou=

2 4 6 B=7Tev, 454717 2 0 2 4
Best ft G/GSM E=8Tev, 2031 Signal strength ()

Eur. Phys. J. C 75 (2015) 212 Eur.Phys.J. C76 (2016) no.1, 6
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-009/index.html
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2014-06/

-CMS Combined my

@ Measured in vy and 4/ channels § [ ATLASand CuS Wt ]
. < LHC Run 1 —— Combined y}u:/
(best mass resolution) R st oy icer
@ my = 125.09 + 0.21(stat) 4
+0.11(syst) GeV 3 X
@ Neglects interference between gg — vy . ' 47 1
and gg &> H — vy : OE . \/ d 3
124 1245 125 1255 126

m,, [GeV]

Aml[Y = —35+9 MeV (ATLAS)
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http://inspirehep.net/record/1393544
http://cds.cern.ch/record/2146427

Inputs to the ATLAS-CMS couplings combination

@ Most of the analyses split
datasets into categories

@ Different % and background
uncertainties
@ Increases discovery sensitivity 1l

Many categories target specific production and
decay processes

~+
=
R

F[VBF[VH[

[
[

@ Provides sensitivity to different H— vy v v v v

. H— 2Z* — 4l v v v v

production modes H— WW* — 22v v v v v

. H — TT v v v v

@ ~ 600 categories total H — bb x| x| | v
H— pp v v X X

@ Each can receive contributions
S

from different processes 2 too low in gg — H — bb

o Each bring inf . VBF H — bb (CMS) not combined
ach can bring intormation Signal yield too low in VH and ttH, H — uu

about different couplings H — pp used only in one model

Assume SM tensor structure (— SM kinematics)
and Narrow Width Approximation (o(i - H — f) = U,‘%)
See talks by K. Whalen (differential XS), A.-M. Magnan (spin/CP)
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Inputs to the ATLAS-CMS couplings combination

Every analysis extracts the signal yield :
o f,.SM f,SM f\ SM Af,SM f SM ¢ f
ns = L3> f(0iA7™7 7 BRY) = L3573 ¢ (niop ™A™ e ™" 1/ BRgyy)
with £ the luminosity, € efficiencies, A the detector acceptance and p;, uf are signal strengths

1971 @TeV) 511" (7 Tew)
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AAs The discriminating
H-—=2Z" -4 o 0.1
variables used are very
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Statistical procedure

L(&; 6(
L(&; 6)
@ d represents the parameters of interest (POI)

Use profile log-likelihood ratio t, = —2 In

@ 0 are nuisance parameters (NP), representing systematic uncertainties

° 32, 0 are the values of the POl and NP that maximise L

o 0(a) is the value of the NP that maximise L for a given &

Assume the large-sample limit to be valid (f(to) = x?(n. dof))

@ Full combination uses ~ 4200 nuisance parameters

@ Many nuisance parameters correspond to Monte Carlo Statistical Uncertainty
v

Correlation scheme

@ Theory uncertainties correlated between the two experiments (e.g. QCD scales, PDF)

@ Most experimental uncertainties are uncorrelated (except part of the luminosity)
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h by decay channel

Good agreement between all the decay channels for the measurement

d O prod BRdecay
Of LiggF 1ttt VS LVBF+VH (et = ~Si1 ——gecay
Tprod B RSM

z BT
% r ATLAS and CMS 1
=& B LHCRun 1 E
a- Preliminary:__f"""- E
3 3
2
£
o- :
-1 E
£ *SM  —68%CL [OH->m ]
—2F + Bestfit ---95% CL [JH-=bb -
Bl b b b b b A
-1 0 1 2 3 4 5
f
l"'ggFmH

Following results based on higher-dimensional versions.(4 1) of this plot

. Becot iggs couplings al 2 - May 3, /
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Significances of the various channels

Quantifies probability for the current observation under hypothesis there is
no signal in a given production/decay channel

Production process Measured significance (o) Expected significance (o)

VBF 5.4 4.7
WH 2.4 2.7
ZH 2.3 2.9
VH 3.5 4.2
ttH 44 2.0
Decay channel

H— 711 5.5 5.0
H — bb 2.6 3.7

@ Observation of VBF production, H — 77 decay channels

o Evidence for VH and ttH production modes
(see ttH talk by V. Kostyukhin)

. Becot iggs couplings Al 2 - May 3, /
C.B NYU Hi li ATLAS+CMS SM@LHC 2016 - May 3, 2016 11 /26



Ratio of cross-sections and branching fractions

Use ratios of u/ (1) (= ratios of BR (7)) for more general parametrization
o(i—H—f)=0o(gg = H— ZZ") x () x (32)

OggF
o g
@ Excess in —UttH ATLAS and CMS Preliminary "éTLSAS
o eef | LHC Run1 o ATLAS+CMS
—t 10
o Milder ﬁ excess o(g9- [ T 1
H- ZZ) [ - Th. uncert.
. 7 - O, /0 ——
@ 2.40 deficit in BR; (ZH & ttH ver Ogor | —
T G, a =
excess not shared by H — bb) i Ogge |
0-ZHlo-ggF

5 10 : : : : Ouf Oggr P e————
oo RTINS e -
2 8% Preliminary ~ Obsenved BRWW/BRZZ f?
e 7 L
E o / BR"/BR* =
S SE L
g 4 BR'/BR* =
I L
Q E
; ZE E| BRbb/BRZZ ; | | | |
Yoo et IO

. Parameter value norm. to SM prediction
BR"/BR?? norm. to SM prediction
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The k-framework

Leading-order inspired framework to study couplings developed by the
LHC Higgs Cross Section WG

b Each coupling scaled by «, gives :
o < K2 = 0,-/0,5"/’ 2 /-@,% = BRf/BR;gM 9o,

D
7 Loops (ggF, H — ~7) either expressed with kg, |

K~ or broken down into fundamental s

x Héﬁb VBF depends on both k7 and ky

Width also modified by k%, = DY) BRSM , or to accomodate for new (or
wT A

enhanced un-measured) decay channel My = %

Sign of some ks unconstrained, e.g. sensitivity to sign of kg X ky through
interference terms (single-top+Higgs, gg — ZH, h — ~v)
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Ratios of couplings modifiers

Conversion of ratios of us into x-framework using \; = =
"J

@ Only assumption on 'y : NWA

ATLAS and CMS Preliminary
LHC Run 1 —
B ; ® Kgz = Kghz/KH
—— ATLAS ;
Kez| ome 4= @ Then all the other k; ;
|— —e— ATLAS+CMS : .
| —+to e can be determined
pe] — 20 —-——
A, |
9 ——— | ——— ~v 10gT T T T T T E|
| H < E ATLAS andCMS gz 2 A g A ghuz Az =
i Z oF LHC Run 1 -en. SM expected E
)\’W = == c 8E Prelimi — Observed =
7 - - ~ E reliminary E|
o : tTE E
M Ea
g : 55 E
A = a ]
Z o 3= 3
A B i 2 E
bZ -~ i =
sl e b e b E 3
-3 -2 -1 0 1 2 3
Parameter value A
g
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Results for couplings modifiers (no BSM loops or decays)

Here H — pp is combined too

E>‘> [T ATLAS and CMS Preliminary - ATLAS
g 1F ATLAS and CMS t LHC Run 1 ~CMS
= E LHC Run 1 Preliminary '_Zi 3 L - ATLAS+CMS
ILo r W ] —+lo
£]> 10-1L — Observed - 4 K5 e
& Eoo SM Higgs boson 3 ——
102 &1 E Ky p el
E T ] ——
-3 -
107 1 Ky —
£ 4 ——
10 ‘ ‘ 3 i
107" 1 10 102 Kt —_—
Particle mass [GeV] L
Kp e
. ——
@ Express kg, With other ks n
@ Consider BRgsp; =0 Ku
. . o b b b b b b b b e
@ Couplings scale perfectly with 0 02040608 1 12 14 1618 2
Parameter value

mass, as expected in SM
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Boson-fermion and custodial symm

w REREA R AR R | .
¥ 16 ATLAS andCMS ] o Custodial symmetry : same
FLHCRun1 e, 1 . L.
1.4f Preliminary - ] couplings deviation for W & Z
1ol E bosons, well tested by EWPM
[ ] — Bz
- 7 = Awz = Kw
o8- ] @ Good agreement with \pyz =1
06 e s
[ xsm _—ea%CL [Jcms ] = 10
0-4: :B‘e\ﬁ‘ﬁ‘l ‘.Tgs‘n/‘u (‘:‘L\ Ll F!/\\T‘L‘A‘ST(\:M:S‘ ‘7 <§ E ATIlAS ar‘1d CMé [‘qu)\bz‘)\vl‘)\‘z}\‘q‘)\vlz‘)\zw] ‘ 3
07 08 09 1 11 12 13 14 =z 9? LHC Run 1 «=++ SM expected E
« < 8F- Preliminary — Observed E
v 8 gE 3
6 3
@ SM Higgs couplings to fermions s E
and boson very different ‘;
(Yukawa vs D)) — Ky Vs kf "3 E
® KF, Ky in agreement with SM A
=2 2

(kF X Ky < 0 excluded at almost 50)
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up-down and lepton-quark symmetries

ATLAS and CMS Preliminary
LHC Run 1 “®-Observed + 1o

o u-type & d-type quarks may
couple to different fields — test Ny — e
potential variations of \,q4

@ Charged leptons have same

. A -
couplings as d quarks for \,qg va
~ 10g T T T T qu —g—
6“ gi ATLAS andCMS [P
< E LHCRun1 - SM expected
= 8- Preliminary — Observed | | | ! Ll

Parameter value

@ Also test the variation of
coupling to leptons vs quarks Ajq

@ All ratios compatible with 1

/
A TP IRV YO e PNV PP OO

w»

)\du
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Couplings with BSM in loops/new decays

gg — Hand H — vy

H . T+ o 2T T
loop-induced : sensitive to NP 2 IR E@Lfs w
“°F LHC Run 1 B
(even above my) e Sarisions |
2 -SM L ]
_ _ruh r ]
My = T=BRpony 1.4F B
1.2F B
ATLAS and CMS Preliminary 1:’ |
LHC Run 1 0 8:* E
Kz K, =<1 f— 0.6:— 1
— = BRggy=0 [ xsm —eswcL ]
K. —=z= 10 —— 0.4 + Bestfit ---95% CL -
W __+20 o b b b b b b a i
— 04 06 08 1 12 14 16 18 2
Ky [ —— Ky
Ky ———
B 2 scenarios to break degeneracy
Kp
Kg‘ I @ Probe new decay channels,
s B impose ky < 1 (N-HDM) —
Y
- : BRgsy < 0.34 95%C.L. (left)
BR G—————
BSM ol b b by

bl @ Impose BRgsps = 0 (up, po = 11%)

o[

0 0.2 04 06 6
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Conclusion

ATLAS+CMS combination gives the most accurate
picture of the Higgs sector

@ Mass measured at 0.2% level : my = 125.09 4= 0.24 GeV J

e VBF Higgs Production mechanism and H — 77 observed (50)
@ Evidence for VH and ttH

@ Various parametrizations have been tried and were all found in
agreement with SM (worst p-value of 11%)

Still lot of room for surprises in Run 2, thanks to the coming improved
precision (increased statistics and predictions)
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BACKUP

BACKUP
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Measurement of signal strength (1)

obs obs
o BR
Reminder : p; = 2t and pf = —£
Hi o H BRSV
. f )
Set all p' =1 to measure pf Set all p' =1 to measure p;
ATLAS and CMS Preliminary —~— ATLAS ATLAS and CMS Preliminary - ATLAS
LHC Run1 LHC Run 1 -~-CM
--CMS o ATLAS+CMS
- - ATLAS+CMS " r -t ;‘;
il = T 99k ——
—— L
[ K [ e e g
VBF -
uzz i = | ———
u
[ WH
pww = L
—— "
— ZH -
T e —— L
e M
bb| —e— i
=== H —=
P R S T BN B S B e e
0 05 1 15 2 25 3 35 4 otee T e
Parameter value Parameter value

= 1.09 + 0.07(stat.) + 0.05(exp.) £ 0.03(th.bkg.) & 0.07(th.sig.)
Theory uncertainties can be improved (Talks by P. Nadolsky (PDFs), E. Furlan (XS & BR))
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14 vs my and separate my measurement

ATLAS H_yy \CEEEH  bed Total S T

L ~yy ]

Stat g |- fgl(_:ARS anf CMS ATLAS H -ZZ -4 |

- ——— . < = un CMS H—yy -

cMSH vy &q 25— CMS H-2ZZ -4l —|

[ Syst. i C —— All combined ]

ATLAS H ~ZZ ~4I —— & L e - st ]

= - . s est fit -

5 2= . . —— 68%CL 4

CMS H-ZZ -4l i \b r b

N L ]

1 I B

ATLAS+CMS yy e o 15 =

ATLAS+CMS 41 f—==— ATLAS and CMS F ]
1

ATLAS+CMS yy+4l (= LHC Run 1 r b

125 126 127 128 ] P P AN AN PN PPN IR

m,, [GeV] ) 124 1245 125 1255 126 1265 127

my [GeV]
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Uncertainties for my measurement

Dominated by statistical uncertainty

ATLAS and CMS  Uncertainty in ATLAS Uncertainty in CMS Uncertainty in LHC
LHC Run 1 combined result combined result combined result
T

T T e Easm

ATLAS ECAL non-linearity / | | |
CMSphoton non-linearity

Material in front of ECAL ]
ECAL longitudinal response [T ]
—
A

ECAL lateral shower shape

Photon energy resolution

ATLAS H - yy vertex & conversion
reconstruction

A
I—
i

—

Z - ee calibration ] —

—/

/3 —

—

CMS electron energy scale & resolution

Muon momentum scale & resolution

T

ATLAS H . yy background modeling

Integrated luminosity
Additional experimental ATLAS CMS Combined
systematic uncertainties Observed Observed Observed

Theory uncertainties [OExpected [DExpected [DJExpected

PRI B | PRI U PRI EFEEE SR E

0 0.05 0.]: 0 0.05 0.1 0 0.020.04 0.06
om,, [GeV]

Main systematics uncertainties linked to
photon energy-scale (especially non-linearities)
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p-value of the Standard-Model within the various

parametrisations

Model p-value DoF  Parameters

Global signal strength 34% 1 p

Production proc S 24% 5 HggFs WVBFs HWHs HZH, JetH

Decay modes 60% 5w, pl W, u"z

pv and pp per decay 88% 10 7, wlZ, Y i, il s pEE Y g,

v/ ratio 2% 6 pv/pe, ) pE pl g i

Ratios of o and BR relative 16% 9 o(gg = H — ZZ), ovBr/0ger, OWH /O ggrs

too(gg —H — 2Z2) 021/0ggp, Ouun/Tagr, BRVY /BRPZ,
BRY/BR?”, BR™"/BR?”, BR""/BR*Z

Ratios of o and BR relative 16% 9 o(gg — H —=WW), ovr/0ger, own/0egr,

to o(gg — H — WW) 071 | Tagrs Oter | 0ger, BRZZ /BRYW BRY/BRWW,
BR™"/BRWY, BRY/BRVW

Coupling ratios 13% T Kgz, Azgs Mg, AWz, Mz, Arz, Moz

Couplings, SM loops 65% 6 Kz, Bw, Kt, Kr, Kb, K

Couplings, BSM loops 1% T Kz, Kw, Kt, Kz, Kby Kgy Ky

BSM loops only 82% 2 Ky, Ky

Up vs down couplings 67% 3 Ndus AV Buu

Lepton vs quark couplings 8% 3 Ng, Avgs Kgq

Fermion and vector couplings 59% 2 Ky, kp

C. Becot
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Expression of os,

Production Loops Interference Multiplicative factor

o(ggF) v b—t kg~ 1.06- K¢+001 nb70,07-/{m;,
o(VBF) - - ~ 074ty +0.26 1%
o(WH) - - ~ ’fw
o(qa/qg — ZH) - - ~
(g9 — ZH) v Z—t ~ 227 k% +0.37 k2 — 1.64 - kzhy
o(ttH) ~ K}
o(gb — WtH) W —t ~ 1.8'14n?+1.57-n%y — 241 - Kykw
o(gb — tHq) - W—t ~ 34-K}+3.56- K3 —5.96 Kkw

o(bbH) - - ~ K
Partial decay width

— — ~ K‘Z
W

ww _ - ~ K
ekl v W —t K2~ 1.59- k% +0.07 k7 — 0.66 - ki ke
rr _ _ ~ K2
Tbb _ _ ~ K
Thi _ _ ~ K

Total width for BRgsy = 0

0.57 - k7 +0.22 - Ky +0.09 - K2+
'y v "‘%-1 ~ +0.06~H2+0.03'N§+0.034K3+

+0.0023 - £% + 0.0016 - K3+

+ 0.0001 - £2 4 0.00022 - £*
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Scan of =2/

BSM)

-2 AIn A(BR

BRgsm)

" ATLAS and CMS
FLHC Run 1 Preliminary

—— Observed
----- SM expected

04 05

BF'ZBSM
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Confidence interval of k¢ vs ky (full range)

w Ll [T T { T T T T ‘ T T T T ‘ T T T T |
¥ 2 ATLAS andCMS ' =
F LHC Run 1 ]

1.5 Preliminary -
FCJH -y 1
I-H-zz -
FCJH - ww 1

0.5F [JH - bb .

F [JH-1 b

O; (] Combined B
-0.5 ' =

r @ [ 3

1 ]
~1.50 =

L *SM —68% CL m

—2F + Best fit ---95% CL * —

C Il l Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il 7

0 0.5 1 1.5 2

Kl
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