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Higgs in Runl

Exciting Runl at LHC: Higgs discovery — Higgs properties
Given a Higgs mass all other Higgs SM parameters can

Mass Couplings be predicted and tested . M
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ATLAS Higgs results 7T e e i e e v o
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults srrev] +1GeV]
ATLAS full Vs =7 TeV (4.7fb?) and ¥s = 8 TeV (20.3fb!) dataset
available since early 2013 — reconstruction, analysis improved and
better understanding of systematics — final combinations
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Spin/CP

Combination of bosonic decay channels: arxiv:1506.05669
s H-ZZ7*-4l
« H-WW*-evuv
* H-py

Models under test:

e Spin 0, Spin 2 (Spin 1 is excluded from H - yy evidence)
« BSM CP-even, CP-odd, CP-mixing (W/Z channels)

Approach of the analysis: Effective Field Theory (EFT) — general effective
Lagrangian with coefficients to accommodate different hypotheses :

* fixed spin parity test

e CP mixing A~1TeV - EFT assumed valid up to p;* < 300 GeV

Spin-0: example for H—>ZZ*—4/
0 m|X|ng angle A cut —off scale

] ; )
L= [co@-KW[E 8 “]———[co@ K ZwZ" +sin@) k2, Z" 11X,
SM coupling BSI\/I CP -even coupling BSM CP-odd coupling
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http://arxiv.org/abs/1506.05669

Spin/CP observables

(1/N) dN/d|cos(6*)|

Exploit each channel information (topology, kinematic model differences, ...):

H-WW*-epvup
BDT with spin/CP

H-yy

Categories using decay

angle in Collins-Soper
frame (cos0*) and p,
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Arbitrary units

Full kinematic information
available: matrix-element-
based discriminant
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Spin/CP results

Test fixed spin/parity hypotheses alternative to SM 0*

Universal and non-universal coupling ATLAS
I I —e— Observed
scenarios considered | T oo
I 0"SM+1ic
§ T I 0'SM*2c
All non-SM f_‘é 0L ATLAS Ho 22 5 4 . :Spi'\::—;“
i = - — Data s =8TeV, 20.3 ' ] I JP 2o
spin E 1§jgfs"" H— WW* > evuv 3 [ 1J°+30
g ) E - 's=8TeV,20.3fb E 40 :_ v
hypotheses 2 Eg casel 1 a0
: 1021 s I ; 4 20
considered are O 1 ol I—
10° _“_:": | E 0 _’_ | 5
excluded at E o - . -
100 4 E : |
' - 1 -20f |
>99.9% CLin .0 . g TIRY |
-30 20 -10 0 10 20 30 -30f
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T
F

H—o ZZ* — 4]
ls=7TeV, 4.5 o'
/s =8TeV, 20.3 o'

H—> WW* - evuv

/s=8TeV, 20.3 b’
H— vy
ls=7TeV, 4510
/'s=8TeV,20.3 fb'

favour to SM 0* q s*=0 &{9 roz
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CP mixing

BSM hypothesis scenario: observed resonance is a mixture of SM
spin-0 state and a BSM spin-0 CP-even or CP-odd state

Use H—-ZZ*— 4l and H - WW* - epip to measure the ratios:

(<30I|III|III|III|III|II||I|I|III|III|I <<30|I|III|III|III|III|II||III||II|II|I
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—— Observed /s =8TeV, 20315 —— Observed /s =8 TeV, 20.3 5"
Expected: H—- WW*—> evuv Expected: H—-WW — evuyv
20 signal strength fit to data s=8TeV, 203 5" 20 signal strength fit to data ls=8TeV, 203"

------- Expected: SM ------- Expected: SM

Results
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Signal strengths/Couplings

arXiv:1507.04548

Combination of the following analysis:

'H_’VV 'H_’ZV oH—>uu
s H-ZZ* e H-bb o {tH
e H-WW* e H-TT o H*->ZZ/\WW
Measurements: E.g. from ATLAS Simulation H 22" - 4
. | h O.BR Phys Rev. D 91, my = 125 GeV 110 < my [GeV] < 140
° S|gna Strengt u = 012006 (2015) mggF + bbH mVBF \WH mzZH mttH
(0 ¢ BR)SM Inclusive

 Production modes

VBF enriched

) Decay Chan neIS VH-hadronic enriched

VH-Ileptonic enriched

e Coupling strength for several

ggF enriched

benchmark models 010756 80 46 50 60 70 80 90 100

Signal Composition (%)
Approach of the analysis: exclusive categories to maximize sensitivity of

different production modes, global fit to take into account contaminations
Inside categories and uncertainty correlations between different channels
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http://arxiv.org/abs/1507.04548

Signal strength

Fix the Higgs mass to the ATLAS
combined value value of 125.36 GeV

Combination imposing same signal
strength in all channels

Best fit value:

n=1.18 *" 14

= 1.18 +0.10 (stat)
+ 0.07 (syst)
+0.08 5 07 (theo)

Consistent with SM (p-value of 18%)

24/08/2015

ATLAS —G<(§*ya;;2,c_ Total uncertainty
—O0
my = 125. \ theory
h=125.36 Ge —_ o(theory) +1conp
H vy o i IR
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Production signal strengths

Combination: global fit with
iIndividual signal strengths for main

production modes as free
+0.23
Mggr = 1.23 g2

Uygr=1.23+0.32

parameters (assuming

SM branching ratios)
Hyy =080+ 0.36

Uy = 1.81 £0.80

Results in agreement with SM
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ATLAS
68% CL: i \/_ =7TeV,4.5 - 4.7
95%CL: ———  {/s=8TeV,20.3f"

—:—*—

my = 125.36 GeV

B A R V- S Y-S
Signal strength (u)
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Ratio of production cross
sections

Ratio of cross sections: Fi?;?gn mediated processes
 result independent of assumptions
. . . ATLAS
on inclusive cross section and BRs 68% OL: mmmem  V/S=7TeV,4.5- 47"
: .. 95%CL: —  \/s=8TeV,20.3fb""
* many systematic uncertainties
cancel Ryy = 0.56 045 ——
Rzz+= 018105 — ==
Measured significance (in standard 5 = _; ;7080 —
deviations) per production mode: Rer= 0.817212 ——
+1.03 :
e ggF: >5 e WH: ~2.1 Fbp = 0.33_925 T
R ombined = 0.9670 35 | ——
* VBF: ~4.3 + ZH:~0.9 womonee ' my-125.36GeV
e e s e s
e {tH: ~2.5 e VH: ~2.6 R OVBF+VH /TggF+tH

~ [ovBF+VH/OggF+ttHlsm
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Couplings studies

Framework — (LO) tree-level-motivated framework + assumptions:
measure coupling strength scale factors «; relative to SM (SM: k=1)

Combination of the different ,
E.g. -

- H
production modes and decay \
i q q Y
possibilities ~O.7~I€W2 +0.3'K,2 L 156. K2+0.1-K,2+
-0.7-KK,,

Benchmark models depending on the number of assumptions and

constraints used to test couplings for:
e Fermions versus vectors (bosons)
 Symmetry between up- and down-type fermions
* Quarks versus leptons
 BSM contributions in loops and decays

e Generic models (all couplings as free parameters)
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Fermion vs vector couplings
Probe coupling strength , 4—+~—r++—1+——1+—prr—r 11—
to fermions and “ E ATLAS .
bosons 3:_ Vs=7TeV, 4.5-4.7 b =

— Vs=8TeV,20.3f" ]
Assumptions: 2:__ ™ = 125.96 Gy E
 no BSM in loops 1= —

* no BSM in decays - :

* universal coupling for OF e

I E \

ferriuonf anc_l bos_ons = /7 b\ j
K=K =0 K S 2// r R
— - c C_JH->ww ]
Fv=HKw =Rz -3F %xs — 68% CL * E:gf) —
o -ll- I?e?t flt 95/ CL | T DComblned 7]

Best Fit: 40406 08 1 12 14 16 18
k-=1.11%*0.16 K,=1.09 £ 0.07 Compatible with SM Ky
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Fermion couplings

-2 1In A(?»du)

Test relations within the fermion coupling sector using ratios:
e up-down fermion symmetry
 lepton-quark symmetry

Assumptions: only SM patrticles in vertex loops, vector boson couplings unified
30

Adu = Kd/Ku

[T IARRRN RN RN RN RN RN RN ~ 30T I R I IR I LR ]
- ATLAS [Kuuhyyha] . < - ATLAS [Kgahygg) .
L Vs=7TeV,4547f"  .un SM expected i < L Vs=7TeV,4547f" .a-. SM expected ]
25~ \s=8TeV,20.3 0" —— Observed ] c 25 \s=8Tev,203 1" —— Observed ]
- . ~ - .
20F - 20R\: 2 .
- - - 1 -
150 Agy = 150 1 i -
10 = 10 —
5 __ ] 5 __ ““\ ::'. “.‘ :."' ]
- | I\I h Y v’ I I {J f’:’ 11 I 111 1 I 11 1 l_ - I\\Jd/' I l ‘\*d../l'/ I 1 1 1
Q55" 05 0 05 1 15 2 55 Q55 o1 205 0 05 T 15 2 25
A’du }qu
Coupling with down-type fermions found Coupling with leptons found with
with significance of 4.50 significance of 4.40
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BSM In loops and decays

Test contributions of non-SM ATLAS /i rress re
particles in vertex loops and decays oL T Ye-eTevizoan”
. IIIII""!""""I""I""IIII
through effective scale factors :
ky=1.00+0.12 -
Ko =1.127015 -

(95%CL) Kz, < 3.3

(95%CL) BR, , <0.27d—

Iy +0.13 :

, my, = 125.36 GeV
1 1 | L1 1 1 ’ 1 11 | | 11 11 I 11 I 11 I 11 1

0 05 1 15 2 25 3
Allow contributions to the Higgs total width Parameter value

SM hypothesis compatibility with best-fit point is 74%
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Testing generic models

Generic model - all couplings for SM particles

are free parameters

> IIIII| T T IIIIII| T T IIIIII| T T IIIIII| T T
E |> L |
Z 1_ATLAS t ] Kgz=1.18+0.16
: - s=7TeV,4.54.7 fi5’ ZI - Ay, = 1091028
o - 1 = ] g= 1-Y9 022
's=8TeV,20.3fb -
EL"|> - e W b AWZ S [—1 .04, —081]
& 107 — Observed - L[0.80, 1.06]
- --- SM Expected ] Ag €[-1.70,-1.07]
- . u[1.03,1.73]
- - Apz= 0.60+0.27
102 E
; A { ; Az = 0,995
- e "c -
- b i (95%CL) A,z<2.3
3L _
107 1 - E Az=0.90 £0.15
_I.‘I"I’le;‘r | I | II| | 1l 1111 II| 1 1 1111 II| | I_ (95%CL) A(ZY)Z< 3.2
10 1 10 10?

Particle mass [GeV]

Assumption: no new particle in

loops or decays

24/08/2015

ATLAS

68% CL:
95% CL:

Vs=7TeV,45-4.7f0"
e \/s=8TeV,20.3fb™

LA L L L L Y L L L L L

'
'
'
—il—
'
'
'

#
'
'

————

my =125.36GeV

-2 -1 0 1 2 3
Parameter value

Most general: no assumption on loops and

decays - only coupling ratios can be measured
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Summary

Presented Runl ATLAS measurements of the Higgs boson using vs =7 TeV and Vs = 8 TeV:
e Spin/CP combination of H-ZZ*- 4], H-WW*-evur and H - pp analysis
e Spin: all non-SM hypothesis considered are excluded at more than 99.9% CL

e CP: distributions compatible with SM and limits set for BSM tensor couplings

« Signal strength/coupling combination of H - yy, ZZ*, WW*, Zy, bb, Tt and upu,
ttH associated production (and off-shell coupling strength with the Higgs boson)
 Combined yield relative to SM is
p =1.18 * 0.10 (stat) £ 0.07 (syst) **%.0.07 (theo)
* Production modes: gluon fusion confirmed (significance exceeding 50),
strong evidence for VBF (4.30 significance)

* Wide range of benchmark coupling models tested and limits set for non-SM

* Looking forward to the new data coming!! Stay tuned!!
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Backup
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decay

SM Higgs production and

SM predictions of the Higgs boson (125.36 GeV) production cross
sections and decay branching ratios and their uncertainties (Handbook of
LHC Higgs Cross Sections: 3. Higgs Properties (2013))

Decay channel

Branching ratio [%)]

Production Cross section [pb]

process Vs=T7TeV /s =8TeV
oo 5.0 £ 1.6 102 £ 2.0
VBF 1.22 £ 0.03 1.57 £0.04

W 0.573 £ 0.016 0.698 £ 0.018
ZH 0.332 4+£0.013 0.412+0.013
bbH 0.155 £ 0.021 0.202 £ 0.028
ttH 0.086 £ 0.009 0.128 £0.014

tH 0.012 £ 0.001 0.018 £0.001
Total 174+£1.6 22.3+£2.0

H — bb
H—-WW*
H — gg
H— 7171
H — cc
H—=7Z7"
H — ~~
H — Z~
H — pp

57.1£1.9
22.0+0.9
8.53 £ 0.85
6.26 £ 0.35
2.88 £0.35
2.73 £0.11
0.228 £ 0.011
0.157 £0.014
0.022 £ 0.001
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Spin-2 framework

Parametrized in couplings to fermions and vector bosons.

1
£2 — —X Z KV(];X,X’W =+ Z Kf(]‘ﬂc,X‘uV
|V f |

Production dominated by QCD - only including QCD production from
quarks and gluons: x_, K,

Values of spin-2 quark and gluon couplings p4 selections (GeV)
Kq = Kg Universal couplings - -
Kq =10 Low light-quark fraction < 300 < 125

Kq = 2K, Low gluon fraction < 300 < 125

EFT lagrangian allows for more complex processes with emission of one
or more additional partons

24/08/2015 Marco Filipuzzi, 17th Lomonosov Conference 19



Spin results: tables

Expected and observed p-values for different spin-parity hypothesis

Tested Hypothesis pgfp,pil pgctp,p:g Pobe Pl Obs. CLg (%)
0, 2.5-1072 4.7-107% 0.85 7.1-107° 4.7-1072
0~ 1.8-107° 1.3-107*  0.88 <3.1-107° <26-1072
2T (K, = Ky) 4.3-1073 2.9-107*  0.61 4.3-107° 1.1-1072
2% (kg = 0; pr < 300GeV) <31-107° <31-107° 052 <3.1-100° <65-107°
27 (k, = 0; pr < 125GeV) 3.4-1073 3.9-107* 071 4.3-107° 1.5-1072
2T (kg = 2K4; pT < 300GeV) <3.1-107° <31-107° 028 <3.1-107°> <4.3-107°
27 (k, = 2K,; pr < 125GeV)  7.8.1073 1.2-107% 0.80 7.3-107° 3.7-1072

Expected and observed best-fit values for CP mixing parameters

Coupling ratio Best-fit value 95% CL Exclusion Regions

Combined Observed Expected Observed

RHVV /KSM —0.48 (—oo, —0.55] | J[4.80,00)  (—o0, —0.73] |J[0.63, c0)

(Ravy/ksm) - tana —0.68 (—oo, —2.33|J[2.30,00)  (—o00, —2.18] |J]0.83, c0)
24/08/2015
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Product

ilon mode categories

Analysis Signal [ £dt [fb']

Categorisation or final states Strength u Significance [s.d.] 7 TeV 8 TeV

H — vy [12] 1.17 £ 0.27 5.2 (4.6) 45 20.3
ttH: leptonic, hadronic v v
. V H: one-lepton, dilepton, E'Tniss, hadronic v v
Overview Of the VBF: tight, loose v v
egF: 4 pr, categories v v

. H— 27" — 40 [13) 1.447039 8.1 (6.2) 4.5 20.3
categories of the VBF v ‘
V' H: hadronic, leptonic v v
- - - - ggF ( J
|nd|v|dual an aIyS|S H— WW" [14,15] 116702 6.5 (5.9) 15 20.3
ggF: (O-jet, 1-jet) ® (ee + pp, ep) 4 v
ggF: > 2-jet and ep v
included in the VI oppete s theonon v
V H: opposite-charge dilepton, three-lepton, four-lepton v v
V H: same-charge dilepton v

. . H — 77 [17] 14340457 4.5 (3.4) 45 20.3
CO m b I n atl O n Boosted: 7TicpTiep ) Tiep Thads Thad Thad v v
VBF: TepTlepr Tlep Thady Thad Thad ‘/ ‘/

VH — Vbb [18] 0.52 +£0.40 1.4 (2.6) 4.7 20.3
0¢ (ZH — vwbb): Niy = 2,3, Npgag = 1,2, p € 100-120 and >120 GeV v v
10 (WH —5 (ubb): Nie = 2,3, Nogay = 1,2, p¥ < and >120 GeV v v
20 (ZH — 0bb): Ny = 2,3, Npwag = 1,2, py < and >120 GeV v v

95% CL limit

H = Z~ [19] i< 11 (9) 15 20.3
10 categories based on Anz, and pr v v

H = i [20] <70 (7.2) 15 203
VBF and 6 other categories based on 7, and p4” v v

ttH production [21,22,23] 4.5 20.3
H — bb: single-lepton, dilepton @< 3.4 (2.2) v
ttH —multileptons: categories on lepton multiplicity w< 4.7 (2.4) v
H — ~: leptonic, hadronic @< 6.7 (4.9) v v

Off-shell H* production [24] pn<51-8.6(6.7-11.0) 20.3
H" = Z7Z -4 v

24/08/2015 H' = 27 20 ‘ 21
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From signal strength to cross
section

Tabled results for measured signal strengths (and cross section),
assuming SM values for Higgs decay BRs

Production Signal strength p at my = 125.36 GeV
process Vs =8 TeV Combined /s = 7 and 8 TeV
ggF 123702 [£040 2500 1048 123702 [£044 4099 1049
VBF 155703 [HRReniTeol 1234032 [T828 818 0]
VH 0.93 4 0.39 Eg:gg e fBj}jé: 0.80 & 0.36 Eg;gg T fBjéE:
ttH 1624078 |05 +0.58 +0.28 1.81£0.80 |*0:32+0.58 +031
Production process Cross section [pb] at /s = 8 TeV
ooF 23.9+3.6 |T31+19 *};8]
VBF 2434058 | F030 +0.27 +0.19]
VH 1034053  [F037 +0.22 +0.15]
tH 0.24 4+ 0.11 Eg;g; tooe fB;B}:

24/08/2015 Marco Filipuzzi, 17th Lomonosov Conference 22




From signal strength to cross
section

Best-fit value for combined signal strength

u(1TeV) = 0.75935 = 0.75 7038 (stat.) 1017 (syst.) 1053 (theo.), and

u(8 TeV) 1.28 1017 = 1.28 + 0.11 (stat.) *005 (syst.) 7008 (theo.)

The signal strength measurements are extrapolated to total cross
section measurements for each production process that summed result

In the total Higgs boson production cross section:

oug(1TeV) =221+4 capb =270" +6 <3 (stat. )+2 T (syst. ¥ g -, (theo.) pb, and

on(8TeV) =27.7+3.7pb =27.7+3.0(stat.) "9 (syst.) Ty5 (theo.) pb,
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Fermion vs boson coupling

I 7_I [ I L | LI | L L L I LU | LI LI
SM values are 7 F % Standard Model ATLAS -
g 6+ Bestii ; 4
= - ° Rt \s=7TeV,454.7f" 7
assumed for the sp. T o8%CL RN \s=8TeV,2031" 7
— === 95% CL s .
- - - - —H > WW* S
relative contribution 4 —Hoz
C H — bb 3
between ggF and ttH 3 how T
and between VBF and 21 o
VH production [|= =
0= E
—1E ~
- m, = 125.36 GeV s
_2_I 1 1 1 | L 11 1 | 111 1 | 1 1 1 1 | 1 1 1 1 | 1 11 1 | 1L 1 1 1 | 111 1 | 1 1 1 I_
=2 -1 0 1 2 3 4 5 6 7

f
l'lggF+ttH
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Ratio of cross sections and of
partial decay width

\s=7TeV,45-4.7f"
A TLAS \/s=8TeV,20.3fb"
||| |||||
> H-> Ww* —
gg - H - WW?* cross 7169 ) il
section and ratios of cross OveFOggr e
. . UWH/aggF -
sections and partial decay OO oo _
widths relative to their SM Tl O ggr -
values Fod T o+ .
I 7224w + e
Tl + e
T o/l i + B
IlIIIIIlIllIIIl IIIIIIII |IIIITI7I|-III=II1|?§.I3|I6Iﬁ|eI\I/II

-1 -05 0 05 1 15 2 25 3 35 4
Value normalised to SM prediction
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Couplings: production modes

The 8 different production modes considered in the coupling measurement

g ggF q I
W/Z
the e H VBF »—-—-H
W/Z
VH g g q
q , H g 500000 ¢ ——-——- H g H
t/b
W/Z
g, Z g
q of
H
. tH
t
9 b

24/08/2015 Marco Filipuzzi, 17th Lomonosov Conference
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K-framework

Production Loops Interference Expression in fundamental coupling-strength scale factors
o (ggF) v bt Ky~ 1.06- k7 +0.01- K3 — 0.07 - K4k
o(VBF) - - ~ 0.74- K7y +0.26 - v
o(WH) - - ~ Ky
olgg— ZH) - - ~ Ky
olgg— ZH) v Z—t Koz ~ 227Ky +0.37 k] —1.64 - kzk,
o(bbI) - - ~ K
o(ttH) - - ~ K
o(gb — WtH) - Wt ~ 184K+ 157 Ky — 241 - kiky
o(qgb — tHq') - Wt ~  34-K;+3.56- kT —5.96 - K,k
Partial decay width
Ty - - ~ ’ié
Dww - - ~ HQVV
Izz - - ~ "'322
FTT - - ~ H’?‘
Lo - - ~ ’ii
r. v Wt K2~ 1.59- Ky +0.07 - k7 —0.66 - Ky e,
Ty, v Wt Ky, ~ 112 K%y +0.00035 - k7 —0.12 Ky K,
Total decay width
. ] 057 1y +0.22 iy +0.09 - sig+
Ty v b ki~  0.06-k7+0.03 k5 +0.03- Ko+

0.0023 - &7 + 0.0016 - k., + 0.00022 - &,
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