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SM Higgs Boson Couplings

« Standard Model Higgs: h: JPc=0**
D F'D"F + V(FF) + DJY,DF
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SM Higgs Boson Couplings

« Standard Model Higgs: h: JPc=0**
D F'D"F + V(FF) + DJY,DF
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SM Higgs Boson Couplings

« Standard Model Higgs: h: JPc=0**
D F'D"F + V(FF) + DJY,DF
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Standard Model Agreement with Data
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What precision is necessary?

e SM couplings can be modified by new physics
 Modifications can be small depending on the BSM

scenario (Snowmass report)
For new physics at the 1TeV mass scale:

Model KV Kb Kry
Singlet Mixing ~ 6% ~ 6% ~ 6%
2HDM ~ 1% ~ 10% ~ 1%
Decoupling MSSM  ~ —0.0013% ~ 1.6% ~ —. 4%
Composite ~ —3% ~—383-9% ~-9%
Top Partner ~ —2% ~ —2% ~ +1%
arXiv:1310.8361

Higher scales imply smaller effects

S. Farrington, University of Warwick



H(125): Is it the Standard Model Higgs?
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e Standard Model predicts production and decay rates
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for a given mass

We measure:

Mass (Done to 0.2% precision), Width (Measured indirectly)

Couplings at a given mass (Done to 10-30% precision depending
on the channel)
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Dominant Production Modes

8 TeV 13 TeV
ggF 19 pb 44 pb
VBF 1.6pb 3.7pb
VH 11pb 22pb
q” itH 0.13pb 051 pb

I H
q WIZ(*), o tH ~20fb ~90fb
Cross-sections at 125 GeV

q
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arXiv:1307.1347

H(125): Is it the Standard Model Higgs?

: ¥
« We measure - TR S
Spin/CP: 0+ predicted by SM T ~ 7
Analyse decay topologies S N FA
(Done in boson channels, what about ~ **[ /
fermion channels?) = |
- Differential distributions are e
predicted by SM (currently in the s B
form of NLO/NNLO calculations) St
Precision physics has been reached %:z R
for W/Z bosons probing QCD and the M
EW sector over many years ’% mwmr;_
To be done!: Higgs production S 12 POF uncer '
mechanisms will be examined to e -
precision g TS
ot
arXiv:1504.03511
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Outline

Datasets

Higgs Couplings
Higgs Properties
- Mass

- Spin/CP

. Width

Next talk: Higgs combination, differential
measurements, BSM

S. Farrington, University of Warwick
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Datasets

« Copious production of SM particles and the Higgs

Standard Model Production Cross Section Measurements  sius: vach 2015

g ! ATLAS  Preliminary
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*Run 2: ~4fb1 so far.
*Expect ~100fbt by 2018 and ~300fb-* by 2023.
«After ~2026, HL-LHC: 3000fb-1
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Run 1: Higgs Decaying to Bosons
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Decays to Bosons

 Production mechanisms: gg fusion, VBF, VH, a little ttH

» ZZ: 4 lepton
Backgrounds: SM ZZ, Z+jets, ttbar
- Determined with theory cross-sections, control regions
« WW: I*vlv final state
Backgrounds: SM WW, W+jets with jet faking lepton
- Also determined with theory cross-sections, control regions
| yy: direct reconstruction

Backgrounds: Continuum yy production
- Determined by shape fit

 Dominant systematics: photon/electron ID, Jet Energy
Scale, theory uncertainties

S. Farrington, University of Warwick
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Run 1: Higgs Decaying to Fermions

* Tau leptons: Reconstruct 1,444 TiepThadr TiepTiep

- Good sensitivity for Vector Boson Fusion, gg fusion from
boosted Higgs selection
- Background depends on channel
- Z+jets: determined from “embedding” using Zuu data
- multijet(QCD): determined using “fake factors”
. Domlnant systematics: Jet Energy Scale, background modelling
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Weighted events after subtraction / 20.0 GeV

Run 1: Higgs Decaying to Fermions

b quarks: reconstruct using b-tagged jets
- Sensitivity driven by VH, some VBF more recently.

- Dominated by multijet(QCD) background. Makes gg fusion
~Impossible in this channel. ttH gives additional tags.

- Background determined from fit to data using control regions
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Decay Mode Signal Strength

| n=ratio of measured to predicted cross-section

- Agreement with 1 is good but uncertainties large (10-30%) compared
to the “Snowmass challenge” predicted BSM deviations
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Couplings —thoughts for the future

e Statistics!

S. Farrington, University of Warwick
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Couplings —thoughts for the future

e Statistics!

* Triggers

Both experiments rely mainly on lowest threshold single-lepton
triggers (~24/30 GeV currently for u/e)

- Most challenging triggers in SM Higgs are for 1, 4Thaq, PP

S. Farrington, University of Warwick
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Couplings —thoughts for the future

e Statistics!

* Triggers

Both experiments rely mainly on lowest threshold single-lepton
triggers (~24/30 GeV currently for u/e)

- Most challenging triggers in SM Higgs are for 1, 4Thaq, PP
* Ingenuity - add new:
Categories to target new production mechanisms and decays
Multivariate methods? (Machine learning)

S. Farrington, University of Warwick
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Couplings —thoughts for the future

Statistics!

Triggers

Both experiments rely mainly on lowest threshold single-lepton
triggers (~24/30 GeV currently for u/e)

- Most challenging triggers in SM Higgs are for 1, 4Thaq, PP
Ingenuity - add new:
Categories to target new production mechanisms and decays
Multivariate methods? (Machine learning)

Theory uncertainties

ldeally make measurements that do not incorporate theory
uncertainties as these improve over time

S. Farrington, University of Warwick
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Couplings —thoughts for the future

Statistics!

Triggers

Both experiments rely mainly on lowest threshold single-lepton
triggers (~24/30 GeV currently for u/e)

- Most challenging triggers in SM Higgs are for 1, 4Thaq, PP

Ingenuity - add new:
Categories to target new production mechanisms and decays
Multivariate methods? (Machine learning)

Theory uncertainties

ldeally make measurements that do not incorporate theory
uncertainties as these improve over time

Hard work
Beat down systematic uncertainties on object ID

S. Farrington, University of Warwick
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Couplings
Mass
Spin/CP
Width

Higgs Properties

S. Farrington, University of Warwick

22



Phys. Rev. D. 90, 052004 (2014)

Higgs Mass

* Measure massin H=>yyand H = ZZ
Fully reconstructed channels, relatively clean objects
Scale measurements/Calibrations are crucial

MC
iy

m

Data
v /

1.005

—
o
o
.p.

1.003
1.002
1.001
1
0.999
0.998
0.997
0.996
0.995

. ATLAS+CMS combined mass: 125.09 +0.21 (stat) +0.11 (syst)

- Uncertainties reduced by 25-30% on same data with better calibrations

in analyses during the shutdown

Data/MC ratlo for dlmuon mass

- ATLAS o7 E
g CB muons [|<2.5 OY > pp E
= v Jly = pp 3
E— Data 2012, ys=8 TeV —E
- I =203 =
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1 004 Barrel high R, | Barrel low R, CMS
e L
0.998
1.01F Endcap high RB . Endn:an low H L
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CERN-PH-EP-2015-006

a.

What about fermions? Huu? HL-LHC gives 7c qg fusion

S. Farrington, University of Warwick



Couplings
Mass
Spin/CP
Width

Higgs Properties

S. Farrington, University of Warwick
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Spin/CP

 Hypothesis tests are made in the boson channels
« ZZ decay products give Z polarisation

Matrix element

| yy fully reconstructed

less information because two-body final-state

- Use cos 6* and p,(yy)
'RPT; 1, \H
\ A
\ QSBH )
— ! : e O I'. — z

 WW: use available kinematics
ATLAS: BDT with A¢(ll), p(Il), m(ll)
CMS: 2D fit to m(ll) and m

Collins-Soper Frame

|sinh (A7”7)|  2pY PT

|cos 6| =

P'me
e

o
w
T

- ATLAS
F {s=8TeV,20.31fb"

Arbitrary units
o
N
(93]

o
[\S)
I

0.15 ; s

0.1

Eur. Phys. J. C75 (2015) 231 oo —

S. Farrington, University of Warwick
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Spin/CP

Data favours 0** and excludes alternatives at 99.9%
C.L.In boson channels
What about fermions? (tt polarisation)

What about tensor structure?
Probe this in two equivalent formulations:

- ATLAS: Effective field theory; fit a general Lagrangian
compatible with Lorentz invariance

- CMS: Anomalous couplings; fit a generic amplitude
compatible with Lorentz and gauge invariance

002T0 (ST0Z) 26 A Ny "sAyd

69950 90ST -AlIXIe

CMS 19.7fb" (8 TeV) + 5.1 fb' (7 TeV)

Data shows no evidence of £ e — Obsenvd, o 0orx

Expected, ¢33=0 orm [

CP violation
Use of EFT/anomalous couplings framework
developing — opportunity to define this now

S. Farrington, University of Warwick



Couplings
Mass
Spin/CP
Width

Higgs Properties

S. Farrington, University of Warwick
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Width

 Expected SM width 4.1 MeV

* Direct 95% C.L. limits (expected):
ATLAS: 2.6 (6.2) GeV (Z2)
5.0 (6.2) GeV (yy)
CMS: 1.7 (2.3) GeV (yy and ZZ combined)  JHEP 08, 116 (2012),

* Also probe via off-shell couplings PR Et3), Dan0 (1S
_ JHEP 04, 060 (2014)
Assume off-shell u is the same as on-shell , ,

10_-' ET | T T T | T T T T T T I

5' E 3
: - ATLAS simulation E=BTevV 1
2 9o C ]

gon-shell N gégHS%lEE and goffshell N EEEHE%‘IEE £ 107 e
gg—+H—-Z7* mpuly gg—H*—=Z7Z (Zmz]‘l £ P'\H‘l 2O ]
§ 10° J i:;,;""i-.._ amm i{w..;zz bty =10 -

'-..__l-
95% C.L. limits (expected) 10 \“».,h"'*h-- .
- ATLAS: 23 (33) MeV PRD 92 (2015) 012004 ,,- -
- CMS: 22 (33) MeV  PLB 736 (2014) 64 | T |

: : 1050200500800
HL-LHC will bring sensitivity at SM-level: 7z i T e
| =4.2"15,, MeV 014 Far Off Shell domain
28
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Status Summary

. g

Couplings £
Determined to 10-20% precision ELLT>' 10
for observed modes d

The Higgs-fermion sector is relatively 107

unknown but Run 2 will close in on it

10“’g

Mass :

Determined to ~0.2% 10
Spin/CP

Measured in decays of Higgs to bosons
Exclude non-SM scenarios at 99.9% C.L.

Width
Limit set at ~4 x SM Higgs boson width

_IIII’| T T T T 1117
:_ATLASand

|

CMS

t
- LHC Run 1 Preliminary }! E
-1 — Observed -
E SM Higgs boson ' 3
3 't E
T ]
b
- u 4
Within current precision

: Higgs couplings scale with
= particle masse =
1 III IIIIII| 1 1 IIIII| 1 1 IIIIII| 1 A

10™ 1 10 10

Particle mass [GeV]

There is ample room for new physics to enter

S. Farrington, University of Warwick



Next Steps in Higgs Physics

e LHC Run 2 has begun

Higher energy, higher collision rates
Gains will arise from statistics

* Future studies:
Trigger choices — low thresholds and/or target specific final states
Ingenuity in covering production/decay mechanisms
Hard work to pin down object ID systematics

* Switch from search mode to precision physics
Emphasis on publishing what we measure in pure form

S. Farrington, University of Warwick



Back-up

S. Farrington, University of Warwick
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Production Mode Signal Strength

 Fix decays to SM ratios and extract strength per
production mode

+0.23
Hggr = 1.2374 75

Uygr=1.23+0.32
Uy = 0.80+0.36

Uy = 1.81+0.80

ATLAS

68% CL:
85% CL:

e \/S=7TeV,45-47f"
\s=8TeV,20.3b""

i
:—

: my=125.36 GeV
i A Lol A .

[]II

' IG_EI - 1

5 2 25 3
Signal strength (u)

u =085
My = 1167050
T 09273
= 29075

197107 (8 TeV) + 5.1 (7 TeV)

CMS - 68% CL
= 05% CL
t:+-
e
e e——
||i||||||||||||||||||||||||
1 2 3 4 5 E

Parameter value

S. Farrington, University of Warwick
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Channel Compatibility

I 1 I I 1 1 1 1 I 1 1 I I I | 1 1 I I I | I I 1 1 T | | 1 1 I I 1
ATLAS and CMS —— Total Stat. 1 Syst.
LHC Run 1 Total  Stat. Syst.
ATLAS H—yy ——— 126.02 + 0.51 (£ 0.43 + 0.27) GeV
CMS H—yy = 124.70 £ 0.34 (£ 0.31£ 0.15) GeV
ATLAS H—ZZ -4l I | 124.51+ 0.52 ( £ 0.52 + 0.04) GeV
CMS H—ZZ -4l ——— 125,59+ 045 (£ 0.42+ 0.17) GeV
ATLAS+CMS yy I-—EI—I 125.07 £ 0.29 (£ 0.25 + 0.14) GeV
ATLAS+CMS 4/ I_l-E_I 125.15+0.40 (£ 0.37 £ 0.15) GeV
ATLAS+CMS yy+4l I—?—I 125.09 £ 0.24 ( + 0.21 £ 0.11) GeV
1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
123 124 125 126 127 128 129
m,, [GeV]

« ATLAS(CMS) has 20(1.60) difference between its two
channels

 ATLAS-CMS difference of 2.10(1.60) in yy (ZZ) masses
* p-value of 10% for the four mass measurements

S. Farrington, University of Warwick 33



Production Mechanisms

* gg fusion clearly observed; evidence for VBF

ATLAS

CMS

Process VBF ttH WH /H VH
Observed 4.3 2.5 2.1 0.9 2.6
Expected 3.8 1.5 2.0 2.1 3.1

Significance ()

Parameter Observed Expected

HeoH 6.6 7.4

HVBFE 3.7 3.3

HVH 2.7 2.9

et 3.5 1.2

S. Farrington, University of Warwick
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Higgs Coupling Combination

* Signal strengths can be interpreted as coupling
strengths, related to the particles participating in
production mechanisms

. Allow non-SM

Production Loops Interference Expression in terms of fundamental coupling strengths

£ o(ggF) v b-t K2~ 1.06-x +0.01-x: —0.07 xxy
modifiers (K) to o(VBF) - - "~ 024 Ky +0.26 - %
SM I o(WH) ~
COUp IngS (g — ZH) = - 5 "i
o(gg = ZH) Z-t gy~ 227-%5+037.x - 1.64-xzx,
2 S M o(bbH) ~
F- - K. F o(ttH) ~ K2
| | | a(gh — WiH) Wt ~ 1.84-x7 +1.57 x5, —2.41 - kxw
a(gh — tHg') . W-t ~ 34-x2+3.56-, —5.96 - xpxw
Partial decay width
s d "5,
Tww ~ Ky
I'zz ~ %
Fee . x ~ "5
Cup 7 = SR “fx y .
 poe v W-—t K~ 159-x +0.07 -7 - 0.66 - xwx
Iz, W1 g, ~  LI2-xg, +0.00035 - - 0.12 - xwx;
Total decay width
0.57 - +0.22 - x, +0.09 -+
T v v:_',' 2~ 0.06-1 +0.03-1G +0.03- 2+

0.0023 - & + 0.0016 - x5, +0.00022 - x;
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Couplings Results (Per SM Particle)

 Assume no contributions from BSM to width or loops

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

ATLAS VE=?T&"\".4.5-4.?fh_1 CMS '552"2) CL
B8% CL: i Vs =8TeV, 20307 w—05% CL
95% CL: .
BH.‘..LI. = n 0 95+G. 1 4‘ .
L L L L N B LN N L T sz . . 013 '*.'
Ky = 0.91+0.14 -.'i' _ +0.16 :.
§ Kz = 1.05] 0.16 h
Kz € [-1.06,-0.82] . e '
u[0.84,1.12] ; _ +0.19 .
E K= 0'8-1- 0.15 —
Ki= 0.94 + 0.21 _-:- :
E 0.33 .
u[0.28, 0.96] ; .
Kr € [-1.22,-0.80] _ i _ 0.84*019 __.__
U[0.80, 1.22] ; Ke=0S% 018 :
(95%CL) |k <2.28 .
. [
my = 125.36 GeV , K < 1.87 :
T T T e i...l.... T BT R TN T A T N AN RN T
2 15 -1 05 0 05 1 15 2 0 0.5 1 1.5 2 2.5

Parameter value

Parameter value

S. Farrington, University of Warwick
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Production/Decay Modes Covered

 Most combinations probed by at least one

experiment
WW // YY bb T
ggH X X X X
VBF X X X X X
WH X X X X X
/H X X X X X
ttH X X X X X

S. Farrington, University of Warwick
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Search for Jhy vy

* Predicted BR
B(H—J /yy)=(2.840.2)x 105

* Probe Higgs
charm coupling

:"I T TT I TTT I LLEL I TTT | TTT | T [ T | T T T T I T T T T I T T I_
22F ATLAS E B ATLAS -
20F fs=8TeV [Ldt=19.21b" I (s=8TeV [Ldt=192f" ]
18 o } Data E 20 + Data ]

c — S+BFit : — S+BFit .

= 16 23 [ Background 3 > [] Background ]
G 14F []HIB=10"] 4 & 15 [CIH[B=107% .
<+ 12F [z B=107 I [ z[B=10% ]
— C ] — r =
wm - - w 1 T
z 19 7 £ 10 .
3 8F 3 5 ]
6F = | ]
4 1 :
2F = 1
0 : IRNLEE I 111 I 111 111 111 | /] I /] 111 I_ 1 1 1 1 Il 1 Il L I L L L 1 I 1 1 i
40 80 120 160 200 0 50 100 150 200
m,,,, [GeV] p’;’” [GeV]

95% C.L. upper limits

Jw  Y(1S) Y(2S5) Y@3S) X, Y(nS)

Expected
Observed

Expected
Observed

Expected
Observed

B(Z - Qy) [1079]

20050 4917 62%% 5470 881}
2.6 34 6.5 54 7.9
B(H — Qy) [1073]
12708 187507 21f5y 1877 2517
1.5 1.3 1.9 1.3 2.0

o(pp — H) x B(H — Qy) [fb]
12 19 24 19 27
33 29 41 28 44
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Events / 2 GeV

Rare Higgs Decays

100k

10°
10°
107
108
10°
10*
10°
10

10

10

 Several search channels, summary:

Run 1 data demonstrates
that couplings to fermions

are not universal
I e e
ATLAS +- Data £ MC (stat)

|z 0O wzizzwy
\s=7TeV _ 4 Ot | ww
\s=8TeV J Ldt =24.8 fo [ Single Top [] W+jet
Hop* [CJ H[125 GeV]

PN I 1 I |
200 220 240 260

80 100 120 140 160 180
m,.- [GeV]
PLB 738 (2014) 68-86

Process limit
(times SM)
un (ATLAS) 7.0
uun (CMS) 7.4
Zy (ATLAS) 11
Zy (CMS) 9
vy* (CMS) 7.7
Jpy (ATLAS) 540
Jhpy (CMS) 540
ee(CMS) 10°

S. Farrington, University of Warwick
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The Datasets

= TS s e s e e B
e L

L - ATLAS

> 25— Preliminary 2012, Vs =8 TeV
3 L [7] LHC Delivered Delivered: 22.8 fb
£ 20 C Recorded: 21.3 fb”

£ L DATLAS Recorded Physics: 20.3 fb

= -

; B .Good for Physics

o 15—

T C

o) - 2011, \s =7 TeV

O L

€ 10 Delivered: 5.46 "

@ - Recorded: 5.08 fb'

- B Physics: 4.57 fb™'

O -

— 5—

ya® ppt 3 oct yant pet W ot
Month in Year

S. Farrington, University of Warwick



Events / 2 GeV

Rar

e Higgs Decays

10'°
10°
10°
107
108
10°
10*
10°
10
10

10

« Many BSM searches

* Run 1 data demonstrates that couplings to fermions
are not universal

T l T 1T | L
ATLAS
\s=7TeV _ -1
\S=8TeVILdt_24.8 fbo

IITIIIIIII'II

Hopp

AN

I L ] T T
- Data
mzy
[t

[ Single Top
[CJ H[125 GeV]

IITIII'IIIl'I

- Process limit
S e (times SM)
un (ATLAS) 7.0
un (CMS) 7.4

Loy o ey b b
80 100 120 140 160 1

PLB 738 (2014) 68-86

PETERTE BE | A |
80 200 220 240 260

m,.- [GeV]

S. Farrington, University of Warwick
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ATLAS-CONF-2015-004

Higgs Decaying to Invisible Particles

q

« SM expectation only 0.1% (ZZ to 4v)

e Sensitivity from VBF-tagged events
Large An(jj) and m(jj) with large missing energy

L B S B B B D [NLEN B A B B B e B e B B e B B B B
VEF Signal (m =125 GeV, BR=100%) =

= =
'! 103 Wy = (ah] 1 4 CMS —@&— Observed

- E—— Zvv ENNO! 0 VBF m,, = 125 GeV,
§ — ?J:“Emﬁ:m 1 S, s 8TeV,L=19.5fb" ~— BH-inv=100%
§ 10° & Doz = 210°F vBF H(inv) (B veie

w

= b _
ATLAS Preliminary] ~— B <& ow. ovansiots, vv

20.3 1", 8 TeV

Data/MC

1 1.5 2 25 3 35

t o cev]

* 95% C.L. limits (expected) M [GeV]

ATLAS <25% (27%), combined with ZH and VH results; CMS <58%

(44%)

1500 2000 2500 3000 3500

arXiv:1509.00672 S. Farrington, University of Warwick

6GE00°LOST -AIXIE
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ATLAS/CMS Combined u

« ATLAS/CMS combined in August this year

4200 nuisance parameters in the fit, most experimental
systematics assumed to be uncorrelated

Still statistically dominated (as expected)

Mainly ggF

Decay / Production | Untagged VBF VH ttH
H-2vy
H—>ZZ2->4l
H2>WW=2I2v
H=2>T1t
H-=>bb
H-> pp

-Combined

p=1.001010 = 1.0070:57 (stat) 395 (expt) T3 (thbgd) 97 (thsig)

S. Farrington, University of Warwick 43




Combined p per production/decay type

SM BRs assumed SM production o assumed
ATLAS and CMS Preliminary *ELL;*S ATLAS and CMS Preliminary - ATLAS
SM p-value | """ « ATLAS+CMS LHC Run ~CMS SM p-value
259% ~ g — 2’“; - , - ATLAS+CMS 60%
m —— * | —
ggF S H'ir'nlr I= + 1o
W : B
VBF . p,Z?- :
n f = :
WH .- :
— § WW e
b " -
ZH — —
i ' _ 3 —r—
| 1405 e
W T Global pn ——
|I|l||lll|ll|lIl||III|III||I|IIII|III||
nl L IIDjEI L1l |1I L I1I1|5I Ll IEII Ll Iz‘[5l Ll Iall 1 Ilajsl Ll I4 G G.s 1 1L5 2 2.5 3 3.5 4

Parameter value Parameter value

In good agreement with the Standard Model
sLargest deviation is ttH production at 2.3c

S. Farrington, University of Warwick 44



Extraction of Couplings

* Signal strengths can be interpreted as coupling
strengths, related to the particles participating in
production mechanisms

. Allow non-SM
modifiers (k) to
SM couplings

» 0.74k;, +0.26k

S. Farrington, University of Warwick 45



Couplings Results (Fermion vs Boson)

* Assume
- One Higgs boson
- All fermions scale the same (k) and all bosons scale the same
(kv)
- No BSM interactions in width or loops
A L L L L L L L T T 1 2 CcMS 19.7"8Te)+5. fb.‘(7TiVl
- ATLAS E 21+ Obsered (R
3 E=7Tev, 4547 " — L o SM Higgs,
- {5=8TeV, 203" - [ \ /
2 m, = 125.36 GeV — 1}
L - .
1= E
— =
O —
[ - 0
-1 =
- How 3
—2F CIH—=ZZ 1E
n CJH = WwW* 2 1]
—3F % am —689% CL %:j; — |
- # Bestiit ~ ---95% CL | 2] Combined - —
—4 04 06 08 1 12 14 16 1.8 2! :
0 0.5 1
Ky Kv

S. Farrington, University of Warwick



ATLAS/CMS Combined Couplings

u Il1lllllllll‘l[|l|'ll llllllll

“ 1.6 ATLASand CMS SM p-value.
FLHCRun1 o e _
1.4 Preliminary .~ .
2 .
1 )
0.8 -
0.6 R [JATLAS ——
| *SM  —68%CL []cMms |
0.4 + Bestfit ---95% CL |:|ATLAS+CMS =
v v by v by v e w by ww 1y S SR
0.7 08 09 1 1.1 1.2 1.3 14

*Agree with Standard Model within 1c

S. Farrington, University of Warwick



Fit Without Assumptions

 Making no assumptions about particles participating
In loops or Higgs width, or BSM decays

Nomenclature e.g. Awz

ng

A

Zg

A

g

Mz

A

vZ

A

A

Tz

bZ

= xw/xz
ATLAS and CMS Preliminary SM p-va
LHC Run i
It 13%
—— CMS B =
— -¢= ATLAS+CMS '
—=+lo e
— =+ 20 ——
e T————
— — E ———
= et
- -
-t
el
| —
-
E——

—+—:
IIIIIII[IIIIlIIII|IIII|IIII|IIII|II
-3 -2 -1 0 1 2 3

Parameter value

Koz = Kg * Kz /Ky

ue

S. Farrington, University of Warwick
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LHC Higgs Mass Combination

 Profile likelihood ratio |
L(mu, ﬁggﬂ,m(mu) lﬁ?{?}[«'+\/ﬂ(m”)' ﬁ“(mu) ’ é(mu))

> 0 & 4 vy £
L(tH, Pygp  gisg AV BEvir B 0)

* Float m,, uvalues for each production mechanism

Almy) =

UL = measured cross section
SM cross section

“ELHHH ggF (+ttH) production, H—yy decay

Y .
BBF+VH VBF (+VH) production, H—yy decay
Vi ZZ—4] decay

S. Farrington, University of Warwick 49



Lifetime

 Expected SM lifetime 1.6x10 fs

 Measured at CMS using ZZ. Vertexing yields:
- 1(Higgs)<190 fs at 95% C.L.
1 I'(Higgs)>3.9x10° MeV

Events / 40 um

8

CMS 19.7 167 (B Tev) + 5.1 b (7 Tev)
_[ T L T | T T T T 'I_
+ Observed
- || SMsignal
Tior,=100um
[ 994/ bkg.
- [] qg—4¢ bkag.
B z+%
=500 500
cAt (um)

arXiv:1507.06656

S. Farrington, University of Warwick
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Status

* Nearly all of the SM Higgs results are based on Run 1
data
First analyses of complete
Run 1 dataset shown at
Moriond 2013
Higgs observation and some
properties measurements

::; 0.06_‘I"'I"‘\"'I"'I'!'I"'I"'I"'I"'I'_
° - ATLAS Simulation [ - Initial calibration
: 0.05= Hosyy N i Gev—
* Since then, alot of work SN — :
. ] 0.04 M(Pjvz12:.gggz\\/l_:
and ingenuity o ne TREY
Detector calibrations redone 0.0ok E
Resolutions re-measured oot E
Data re-analysed bt e
116 118 120 122 124 126 128 130 132 134
m,, [GeV]

51
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ATLAS/CMS Measurements

 Experiment measurements differ in detall

e.g. ATLAS ZZ measurement uses 2-d fit to mass(4leptons) and
Boosted Decision Tree score

- CMS (B=TTeV,L=51fb";(a=8TeV,L=107 "’
E_ ATLAS + % 35 LR Dat T T T T T LI
* Datn — - . ata L I I L L 7
a ﬂ ~ zz ~ ‘Hu - Sgral (m, = 124.5 GV = 1.86) U1 Lr':. [ I:ImH=1lEE GeV 3 1?- D‘I;jl?g"' 0.5 - .
h WE =7 TIB'I.‘.JL[I:-#.ETD o BD - :sz"ﬂ E 125_ _ b
= -.E-nw:_[u:-znam" [ swtganazr. 2o ] ~ F f EEZX £ 1wf 3 ]
o 1k 417008 © o
m i 'i"ii' : i £ 251 o E
i . " . TR . L ﬂ:;.'i N 4_ ! ]
05k . -!. ='I‘ e 1006 Woaof of l I‘H‘ .
] : ™ .'.‘. . : 0 110 1éll 130 W
i .! :::- ' »® B ] 15 my; (GeV)
0 Y ..F.::::'. . ] —0.04 - Il
i 5 . :.ﬂ . E‘«I ] 10 - i g | .
| LI EE= ™ | » l.:
-05F it | o 1 10.02 E;MJ 1]]1 . e £ Tkt -
i &  '"T"im=s | - TR I I
: . 1' N A B 0 gl | i i L a...._.!;: 1 ﬂ] .
e I 80 100 200 300 400 600 800
1El 115 120 125 130 135 140 m,, (GeV)
m,, [GeV]
CMS include third parameter: event-by-event mass uncertainty
Phys. Rev. D. 90, 052004 (2014) Phys. Rev. D 89 (2014) 092007
52
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Signal Strength Combination

 Cover as many production and decay channels as
possible and combine the information
Extract yields in each production/decay
Correlate systematic uncertainties across channels

ATLAS Simulation H—ZZ' = 4]
my=125GeY 110 < mo [GeV] < 140

magF + bbH mVEBF wWH mZH mtiH
Inclusive
VEBF enriched
WH-hadronic enriched
WH-lepionic enriched

ggF enriched

0 10 20 30 40 50 &0 70 80 90 100
Signal Composition (%)

Evaluate p, the ratio of the measured cross-section to the SM
expectation

Can extract more information from combination, see next talk

S. Farrington, University of Warwick
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Spin/CP Results (Channels Combined)

Phys. Rev. D 92 (2015) 012004

120 CMS X ZZ+WW .19..7fb'f(8T.eV)+.5.1 fp'1(7.TeV)
= . -e-Observed ---Expected L
i 100 o +10 [ NEERS
o [ 0"+ 20 mJS +2
- 80p 0'+36 JP+30v
E 60_ . . : . .
X
o 40
2°ir
0
—20
—40
-60 t

qa gg production g production
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Spin/CP (Boson Channels Combined)

Arbitrary normalisation

* Testratio of SM and alternative hypotheses , . 3

q JP=0p JP=0" JPZ*JPE’*JPE*JPZ*JP

_ _ _ LT fie 62 )
- Test for spin 0, 1, 2 with various BSM CP 7 = log sM> HIgy

: P A 2

hypotheses (mixed CP even/odd etc) LT, [t 72 7 J;}
S et ATLAS H—ZZ* > 4]
g3 ATLAS ": :vaza 5—;141 e Observed s=7TeV, 45 b’ g
—— Data s:STeV: 203 15" _E ; gfgidctfic s=8TeV, 203" <
_OiSM H—)WW*—)BV}UV % -O+SM;2G H—)WW*—)EVﬂV S'n
------ 2" (kg=xg) s=8TeV,20.3 15" _ [ 10°SMz30 s=8TeV, 2031’ Pu)
g H— vy E B o H— vy 2 )
1L s=7TeV, 451" 4 == J 2o s=7TeV,45fb' X <
E s=8TeV,20.3 5" 3 [ JJ £30 = B TeV. 20.3 ft5 = -

! 'S 40f ’ Y,

E R S E b =
] < 30} o1 ©
1 | 20} r =
- | 10 rl ._ .._ N
3 o ” 8 o
= 10} l I I o2 G
g : g o =

v S I -20¢ (o]
30 20 10 0 30k o
- =
N
&)
o
=

- Both experiments favour 0** and é“x”cTude -
alternatives at 99.9% C.L.

- ***conclusion already reached — but what about fermions?
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CP Mixing and Tensor Structure

* Higgs coupling could have CP-mixing and alternative
tensor structure

VV 2
A(HVV VvV K;qu%'l + KZ qu 2 *(1) ), uv VV F#(2),uv
( )~ |a;” + (AW)Z My1€1€82 + 83 " frw f +a f f
1

— P

SM BSM CP-even BSM CP-odd
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CP Mixing Results

< 301 L L L L L L L LA L 19-7fb'1f8TeV)+5-1'51(71'8\/)
E S H%ZZ*_)4I -1 é | \ T T T T T T | T T T T | T T T T
I ATLA —
. o - 5=7TeV, 45’ < 16 — Observed. ¢ =0 or =
* Testcoupling = — o e ol

..... Expected, ¢32=0 orm

"7 signal strength fit to data i
------- Expected: SM

- 12

and mixing 20
angle in CP 15
even and odd
hypotheses :

10

\I‘\I\II\Il\I\l\II‘II\lI\"—

[V‘WIIIII[III[[IIIIII

: .......................................... 2
Co. . - L. 1
0\ |-IBL 1 |-6\ 1 \-4| 1 \-|2| 1 01‘:1 I2| 1 |4\ 1 |6| 1 |é| 1 0_1 05 0 0.5 1
R/ K fao COS(9;,)
< e L L I L I R R RN R CMS 19.716" (8 TeV) + 5.1 fb" (7 TeV)
~ | ATLAS HoZZ* >4l 1 2 G T T
. - =7 Tev, 451" . - —_Ob d, o =0 .
¢ NO eVI d en C e 25" Observed :=a'r:u,zo_am" N < served, ¢ =0orn ]
. . i Expected: ] CI\I 14 Expected. o 0
f I - 777 signal strength fit to data 4 KN Xpecied, o =4 or
of CP violation = == T

observed***wh ER

|II\‘IIT-'|‘III|III‘II

at 10k :
significance? et N[ S

0"""[""["1"i"']'"I"'.' | l.TJ P2 R B T o N 1
-8 -6 -4 -2 0 2 4 [ 8 - 05 0 0.5 1

Ko/ K -tan o
( Kav/Kay ) faS COS(¢a3)
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Results

* Likelihood fits performed

* Higgs mass in GeV:
ATLAS, CMS combined:

12509 =021 (stat) =011 (syst) ' °

_I L] L] | T LI L] L] I T T L] L] T Ll T T T T T T I T T I T T LI )
- ATLAS and CMS Tt ATLAS Hory

- LHC Run 1 v CMS H—yy

25~ e CMS H—2Z -4 —

Signal strength (u)

- -

-0.2% uncertainty
- Higgs precision era!

i | I Ll Ll I 11 1 I | 11 1 1 I 1L bl I - Il I I . 7
124 1245 125 12565 126 1265 127
my, [GeV]

EPJC 75 (2015) 212
Phys. Rev. D. 90, 052004 (2014)
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