PRECISION HIGGS MEASUREMENTS
H — ~~, ZZ*, WW* and combination

Stefan Gadatsch’ on behalf of the ATLAS and CMS collaborations
11" May, 2015
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Current status

Higgs boson decays to dibosons
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Coupling measurements

Theoretical uncertainties



CURRENT STATUS



CURRENT STATUS

Observation in three bosonic channels
Strong evidence for fermion couplings

°
°
@ High precision mass measurement
@ Spin determined

°

Limits on CP mixing

No evidence for non-SM production or decay modes

No evidence for extended/modified scalar sector



MASS MEASUREMENT

® Free parameter in the SM: once known, all Higgs couplings can be
predicted
® Use fully reconstructed final states: H — vy and H — ZZ* — 4/

@ Extensive categorization in H — ~~: ATLAS: photon conversions,
detector region, diphoton momentum. CMS: BDT based on kinematics,
photon ID/shower shape, and resolution, and (rarer) production modes

® 2D/3D fitin H — ZZ" — 4f: m,, vs. ZZ* continuum rejection, and
per-event uncertainty on my, (CMS)

® First joint ATLAS and CMS paper: 0.2 % precision (stat. limited)

17—
ATLAS and CMS i Total Stat. 3 Syst.
LHC Run 1 Total  Stat. Syst.

ATLAS H-yy F—==s=——H  126.02+0.51 (£ 0.43 +0.27) GeV
CMS H - yy == 124.70 +0.34 ( + 0.31+ 0.15) GeV
ATLAS H-2Z -4  F———o 12451 0.52 (  0.52 + 0.04) GeV
CMS H -2z -4 —== 12559 + 0.45 ( +0.42 + 0.17) GeV
ATLAS+CMS yy —— 125.07 +0.29 ( +0.25 + 0.14) GeV
ATLAS+CMS 4l '_F}—ﬂ_| 125.15 + 0,40 ( + 0.37 + 0.15) GeV
ATLAS+CMS yy+4| ===} 125.09 +0.24 ( +0.21 +0.11) GeV
P I B R E N S R B
123 124 125 126 127 128 129

m, [GeV] 4



MASS MEASUREMENT — UNDERSTANDING UNCERTAINTIES

® Extensive effort to understand systematic uncertainties: ~200
individual theory and experimental systematic uncertainties!
® Dominated by energy/momentum scale/resolution on «, e, u
® Expected small interference between Higgs signal and continuum

background neglected

ATLAS and CMS Uncertainty in ATLAS
LHC Run 1 combined result

Uncertainty in CMS
combined result

Uncertainty in LHC
combined result

ATLAS ECAL non-linearity / |

CMS  photon non-linearity

Material in front of ECAL

ECAL lateral shower shape

Photon energy resolution

]
ECAL longitudinal response
—
il

ATLAS H - yy vertex & conversion
reconstruction

—
Z - ee calibration [
CMS electron energy scale & resolution

Muon momentum scale & resolution []

ATLAS H - yy background modeling [T

Integrated luminosity

Additional experimental ATLAS
systematic uncertainties Observed
Theory uncertainties [JExpected

I

CMS
Observed
[OJExpected

UUUHUHHHH

Combined
Observed
[JExpected

MR B
0 0.05 0.1

PSRRI ISR N
0 0.05 0.1
om,, [GeV]

P B A B
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SIGNAL STRENGTH

ATLAS Preliminary :g?{ﬁt%c, Total uncertainty
— theory
m=12536Gev |0 14 15 0onp
Aoy o =
o | S "
W LT N e
* o5t —— = .
ooz _y agiodo |08 HH Hogh 0-85.016
H=146 0 e il
e o =
e 1N _ +0.37
H= 118702 i v Hiee 1167535,
H - bb E g
— +0.39 |- 023
ShLSETE L DRNIEI X S b,y = 09255
How " '
n= 1440 ‘
Ho- B How = 29055
u=-0.737050 [ R S T N IR T
n oz 2 0 1 2 3 4 5 6
w=2770 s Parameter value
Combined & $ @ Precise measurements of diboson
- +0.15 |- 010 H . L.
MRSl } ? } decay modes (theoretical uncertainties
|
Gertvasares -1 0 1 2 3 become relevant!)
V5=8TeV, 203 fb* Signal strength (1) ® Some channels (e.g. H — bb)

dominated by exp. uncertainties

@® Rare decay modes statistics limited



COUPLING MEASUREMENTS

® Interpret production and decay rates in leading-order tree level
coupling framework
@ Treat correlations between production and decay

® Typically precision of 10 % to 20 % in generic benchmark models

® Measurements very compatible with the SM prediction, e.g. scaling
of couplings with particle mass

19.7 o (8 TeV) + 5.1 (7 Tev)
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HIGH-LUMINOSITY LHC ...

14 TeV
energy

HLAHC Instalstion

xperiment upgrade phase 2

- Ex
50 ns bunch 25 ns bunch - 25 ns bunch - 25 ns bunch
m BICIRRSD m RilepIE0

Detector performance as good or better as today - key: trigger

Phase 1 Phase 2
® ATLAS: Fast tracker (FTK), New Small ® Re-design of trigger system
Whell (NSW), Calorimeter readout ® Tracking
® CMS: Level 1 trigger, silicon pixel @ Calo electronics and forward region

detector, HCal photodetector and

i [ J
electronics Muon system .



.. AS A HIGGS FACTORY

Higgs boson candidates for 3000fb™" at 13 TeV (approximate
numbers, given LHCHXSWG cross sections)

ggk  VBF  WH ZH ttH bbH tH HH total

30M  11IM  4IM 26M  15M 15M 260k 120k 150M

Higgs boson physics goals
SM Higgs

. o _ BSM Higgs
)
;Iegzsirrz(r::el(;:scoup“ng ® Extended scalar sector: heavy
Higgs, charged Higgs, composite
® Rare decays Higgs, MSSM, ...
® Spin and parity ® Couplings to Dark Matter

® Higgs boson pair production



IMPORTANCE OF RARE PRODUCTION AND DECAY MODES

We need to understand all production and decay modes!
& see talk by Giovanni Marchiori

Example from ATLAS in run 1:

® gg — ZH cross section less than 10 % of gq — ZH cross section,
but: Z-t interference

® tH cross section small in SM, but can become when constructive
interference at tree level: W-t interference

® Sensitivity to relative sign between W and 2!

4
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E s-sTev. 203" 25[~ \5=8TeV, 203 10" — Observed
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EXPERIMENTS PERFORMANCE

ATLAS

® Detector response based on full Geant4 simulations

® Apply acceptance, efficiency, and resolution functions to physics
objects (“smearing simulation”)
® .py ~ 50 — 60 for 300 fo~" - Includes IBL and LAr trigger updates
® 1, ~ 140 for 3000 fb~" - Includes full upgrade of ID (ITK)

® Study scenarios with current/half/no theoretical uncertainties

CMS

® Studies scale run 1 analyses
® Detector performance uses Delphes parametrization

® Two scenarios for systematic uncertainties

1. Systematics remain the same as in run 1
2. Theoretical uncertainties reduced by 50 %, others scale by 1/v/L

& see talks by Markus Klute, Richard Polifka, Tim Scanlon



HIGGS BOSON DECAYS TO DIBOSONS



H— vy

Possibility to measure all production modes with 3000 fb ™"

® Interesting in particular ttH/tH(H — ~+) owing to top-quark Higgs
Yukawa coupling in production and decay

® Rates scales well with o x L in general. Exception: selected VBF
candidates

® Theoretical uncertainties become more and more relevant

ATLAS Ap/ (%) § 200 ATLAS Simulation Preliminary‘ J

Prod. mode Total Stat. Exp. Theo. ~ [ + ]

. - S = J'L dt = suoolm % {s=14 Tev

21 +1 +5 +17 2 —=— Simulation |

ttH ;;g ;2112 +71§ ; “_‘ 8 % 200 ;1—"*++$ ++ ++'++ + ..... Background Fit ]

WH —25  —20 -1 - r N Tead 1

S B B R

+19 +3 +1 +19 L ]

gsk —14 -3 -1 —14 F ]
VBF +29 +18 +1 +23 N + *

-29 —18 =1 —23 2001~ —s— Background subtracted events |

4—%&4—;

+ + -
ATLAS  ttH WH ZH VBF s I Y
Significance 82 42 37 3.8 Muloet]

ttH(H — ~v)-1 lepton B



H — zZ" — ATLAS

High purity and fully reconstructable final state - Possibility to
measure all production modes with 3000 fb™"

P UMM A A A 3 AMALAARI AR ARARAAARY Aulp Total _ Stat. Expt. syst. Theory
& ATLAS Simulation Prrlellmmary & ATLAS Simulation F'!?Ilmlnary Production mode 300 fb !
o o L=3000fb™, {5 = 14 TeV o o L=3000fb", {5 = 14 TeV ] aaF 0152 0066 0053 0123
2 ] 2 ] ) X X )
] iblike category £ VH-like category VBF 0625 0545 0233 0226
WA Iver 3 Y B’Mf 3 WH 1074 1.064 0061 0.085
o iz 1 o iz 1 iH 0535 0516 0038 0.120
tg“;F tg‘:;F Combined 0.125  0.042 0.044 0.108
2 1Background E 4L "Background 3000 b
ogF 0.131 0025 0040  0.124
i E e VBF 0371 0.187 0225 0226
WH 0.390 0.375 0.061 0.085
A T e ]
£00 105 110 115 120 125 130 135 140 £00 105 110 115 120 125 130 135 14 %: gigi 3'?22 3'8;8‘ 8(1’;(3)
m,[GeV] m,{GeV] . - - : :
Combined 0.100 0016 0036 0093
> P > e
g ATLAS Simulation Preliminary glAOOfATLAS Simulation Preliminary —
% 25F L=3000fb™, 5 = 14 Tev § 21200 L=3000fb™, {5 = 14 TeV
2 VBF-like category £ E ggF-like category B .
£ | E ® ggF and VBF production
IWH
800F Rz E modes not anymore stat.
600r- fggF B H .
Background l| m |ted
400 |
200F ] ® VBF: exp. and theo.
VTR OV T T .
057705 T10 115 120 125 130 135 14 007105 110 115 120 125 130 135 14 systematics eq Ua[[y la rge

my[GeV] m,[GeV]

® VH and ttH still stat. limited
14



H — zZ" ACCEPTANCE

CMS Simulation 2013 Vs=14TeV L = 3000 fb*
— T T T T L B

Phase Il Detector - PU140

Conf-3:H - ZZ* - 4p
Conf-4:H - ZZ* - 4pn

Events/1.0 GeV

Conf-3: Z/ZZ — 4p
Conf-4: ZIZZ - 4p

200

250 300
M, [GeV]

0.9; ATLAS Simulation Preliminary

— Total acceptance assuming 100% effidiency

— -+ Analysis selection cuts
0.7F ... <1y with | nj<0.1 or |n>2.5

Acceptance increases by 40 % for 0,65 - <2 4 with nj<0.1or 25
a detector with |n| < 4.0 coverage 05
compared to || < 2.5 coverage 03

Acceptance

Vs =14 Tev
ILd( =30001b

o 9
b N

CO
o
v
-
-
(92
N
N
(92
w
w
v
[T

=



H— ww"

® Dominant backgrounds from tt and WW production increase with
event pileup

® Rise jet p; requirements (30/35GeV at upy = 50/140) to cope with
pileup and fakes
® Threshold in VBF-enriched category increased further

® Key: understanding systematic uncertainties

® Dominant experimental systematics decrease
® b-tagging, JES/JER
® Background modeling improved through improved analysis design

o 2
x10 . . ; 10

[ T > T T T T > T T T T T
g —s s = 3 — o
O BOE ATLAS Simulation Preiminary gy (g over v B 40 £ ATLAS Simulation Preliminary gy [ ner v S 600f ATLAS Simulation Prelminary g vy @ opervv
= Vs=14Tev,JLdt=3000 16" u [ SndeTop ° - Judt= '+ On D SegeTop & {s=14TeV,JLdt=300010" Ot [EswoeTor
) L Do 2 45F =1aTev.[Lar= 30001 o B 8 B W
£ o Mo owier s o 125 6o g E oo o =L F 500 Howwoemvivevs22 o D
Il 2 @ 400
25
300]

200]

100f

50 100 150 200 250 300

my [GeV]
m; [GeV] ! 16



H — ww" — ATLAS AT HL-LHC

. Run 1
® large eventyields
. Sample  Total Stat. Expt.  Theo.
® Need to understand systematic 0-jet error error  syst.err. syst.err.
uncertainties, especially theory N 16 - 67 15
.. Nijeg 25 15 1.2 17
Projections N 42 24 23 26
Niop 74 23 42 5.6
Npisia 17 - 9.9 14
Process Rel. unc: Noy 09 48 4“6 74
O-jet  2-jet N, 34 17 33 7.2
W 15 10 Neosp 30 14 26 55
4% 2 10
tt 7 10 Sample  Total Stat. Expt.  Theo.
tW/tb/tqb 7 10 1-jet error error syst.err. syst.err.
Z+jets 10 10 Nsig 13 - 6.8 12
Wijets 20 20 N 92 47 6.4 4.5
Ny 32 - 14 28
Niop 15 9.6 7.6 8.5
Npisia 22 - 12 19
MgegF  MVBF  HggF+VBF Nyy 20 - 12 15
-1 +0.18 14025 +0.14 N,, 40 25 31 2.9
300 fb Uois Eozm 1o N, 19 1 15 )
~1 | 1+0.16  1+0.15 +0.10 e
3000 fb Voua 15055 1509




COMBINATION OF HIGGS ANALYSES




INPUT CHANNELS

ATLAS CMS
® ~~: 0/1-jet, VBF, WH, ZH, ttH tag ® ~~: untagged, VBF, VH, ttH tag
® 77" — 4¢: ggF, VBF, VH, ttH tag split ® 77" — 40 Nigy < 2,Njer > 2, split by
by final state leptons final state leptons
® WW* — fvlv: 0/1-jet, VBF tag ® WW" — fvlv: 0/1-jet, VBF, WH tag
® r7: VBF tag ® 77: 0/1jet (categorized by final
® bb: WH, ZH tag state and p7) 1-jet 7,, VBF, ZH, WH
. . tag
® /~: inclusive
. . ® bb: VH, ttH tag
® . inclusive

® /~: inclusive

® . 0/1-jet, VBF tag
& see previous talk by Lorenzo Bianchini
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PRECISION ON SIGNAL STRENGTHS — 11 = 0 X BR/(0 X BR)gy ﬂlfl

ATLAS Simulation Preliminary CMS Projection : : :
— . . -1, _ -1 Expected uncertainties on 1 300" at 5= 14 TeV Scenario 1
fs=14Tev: J'Ldt7300 L ILdt_3OOO fo Higgs boson signal strength ~ —| 300"t 5= 14 Tev Scenaro 2
= comb)) B R
H W (Ojg Hoyy
) ] _
(VBF-like) s L
(WH-like) } oz |—
(ZH-like) ~ o8
(ttH-like) Hobb
H-ZZ (comb.) B Hotr

(VH-like)

i 0.00 0.0 o010 015
(VBF-like) I X X 15
(ggF-like) expected uncertainty

H-WW (Com(gj; CMS Projection
(1j) Ex‘pectsv‘j Uncertainties on | 0t (3= 1410V et
(VBF-like) Higgs boson signal strength F—{ 3000 at 5= 14 TeV Scenario 2
(incl) i
_, bp (comb,) Hoyy ———t+———
H- bb (WH-like) o
(ZH-like)
H- 1t (VBF-like) LT e —
HS P (comb. i
(incl.) = Hobb |
(ttH-like) }
_ - B 2 N—

0 02 04 L L L
0.00 0.05 0.10 0.15

AH/IJ expected uncertainty

@ Categorization vital for measurement and understanding of limitations

@ Diboson channels measured at 10 % (5 %) precsion with(out) theory uncertainties
@ Improvement of factor 2-3 with increased luminosity

@ Rare decay modes benefit most from increased statistics 20



SEPARATION BY PRODUCTION MODE — ATLAS

® Practically no improvement for ggF and VBF production modes
® Theory uncertainties very important for ggfF production
® Remnant experimental uncertainties

@ Precision on other production modes scales with luminosity
® Effect of theory uncertainties becomes relevant for ttH at HL-LHC

A/ 300fb~" 3000fb™"
Allunc. No theory unc. Allunc. No theory unc.
gg—H 012 0.06 0.1 0.04
VBF 0.18 0.15 0.15 0.09
WH 0.41 0.41 0.18 0.18
qqZH 0.80 0.79 0.28 0.27
ggZH 371 3.62 1.47 1.38

ttH 0.32 0.30 0.16 0.10

21



COUPLING MEASUREMENTS




FRAMEWORK TO PROBE COUPLINGS @\

SZA

® Coupling strengths g of the Higgs to other SM particles scale with
the particle mass
® Fermions: gr = v2m; /v, Gauge bosons: g, = 2my /v
® Measure strength in units of SM expectation, x; = g;/gj u, in a
leading-order tree-level motivated framework
Assumptions: only one CP-even scalar
Higgs (my = 125GeV), narrow-width ap-
prox: o-BR(ii = H—ff) =0y - T /Ty

Example: gg —+ H — vy

(g9 — H) kg =~ 1.058k; + 0.007kj — 0.065 k)

: : F(H = 77) o< &)
1 =~ |1.268y — 0.27k,|’

Total decay width scales with kf; = 3. “Lei-

2
~

2
w o - BR(gg — H — vv) = osm(gg — H) - BRsu(H — vv) - =5

Ry

23



PARAMETRIZATIONS AND INTERFERENCE

Many relevant interference effects (numeric values from 7/8 TeV)

Production  Loops Interference  Expression in terms of fundamental coupling strengths
a(ggF) v b—t Ko~ 1.06-K +0.01 K, — 0.07 Kk,
o(VBF) - - ~ 074 vy +0.26-x5
o(WH) - - ~ Ky

o(gg —2zH) - - ~
o(gg —»2ZH) v Z-t Khgzm ~ 227 % + 037 — 1.64 - kzk,
o(bbH) - - ~
a(ttH) - - ~ K
a(gb — WtH) - W—t ~ 18k 4157 - ky — 241 KKy
o(qg — tHq'b) - W—t ~ 3okl +356- Ky —5.96- K Ky
Partial decay width
M5 - ~ Kf,
T - - ~ K{v
2z - ~ Kzz
M - - ~ K
2
rw - - ~ Ky
r, v w—t K~ 1591y +0.07 -1 — 0.66 - kyyky
Iz, v w—t Kgy ~ 112Ky +0.00035 - k{ — 0.12 - kyy Kk,
Total decay width
Wt , 0.57 -k, +0.22 - kg + 0.09 - K2+
M v bt ki~ 0.06-k +0.03-x5 +0.03- K2+

0.0023 - j + 0.0016 - 7, + 0.00022 - x;

Parametrization for gg — ZH process, but also ggF process, have py

dependence!

24



ABSOLUTE COUPLING STRENGTHS

Need assumption on the Higgs

. ATLAS Preliminary
boson width to measure absolute Vo= TTovs 470 VE-8Tev 2031
coupling strengths IR LM
@ No invisible or undetected o :
Higgs boson decay o =
® «, < 1and x, < 1 holds for a s ——
wide class of BSM models (e.g. o ==
arbitrary number of Higgs == =
doublets); unitarity problem in K“
VBS
® Coupling strengths in ” Es
on/off-shell Higgs boson " =
production are identical —_——
® Requires further assumptions BAi =
® Assumptions yield very similar * L F‘ - anoey
results 2 o 1 2 s

Parameter value

25



PRECISION ON ABSOLUTE COUPLING STRENGTHS (ATLAS)

Cou- 25fb" 300fb™" 3000fb " . .

Model Eﬂng 1Alltheory unc. Theory unc.: Theory unc.: L4 Slgmﬁcant Improvemen1t

arame . . —

Bbs.  Exp. Al Half None Al Half None in (KV, KF) with 3000 fb

1 x 57 62 42 30 24 32 22 17 ® In more gene ric
5 x 64 65 43 30 25 33 22 17 benchmark models

K 14 15 88 75 71 51 38 32 ]

o % 5 81 79 78 43 39 38 improvements of factor 2

w16 1% 85 82 81 48 41 39 .
5 Ko 22 21 %12 n 82 61 53 ® Large improvements on

% 53 33 B 2 2 2110

K 21 23 w13 B 98 90 87 Kb

X, - - 2121 2 73 7170 ® limited: f 3

K, 14 16 81 7.9 79 44 40 38 Ky stat. limited: factor

Ky 16 15 9.0 87 86 51 45 42 m pro\/ement

K 26 40 2 21 2 185 76

% 47 37 B 2 2 2110 ; mi
4 K 20 2% L A ] 97 90 88 e Kzy partially .llmlted by

K - - 222 75 72 7 exp. uncertainties: factor

K 19 21 W2 91 65 53 .

K 719 93 9.0 89 49 43 4 1.5 Improvement

Kz, - - % 24 24 I T2

26



19.7 o (8 TeV) + 5.1 b1 (7 TeV)

CMS

— +0.14
=0.96 ;¢

0.29

- +0.18
=0.827,

- +0.34
=1.600,3,

- +0.15
Kg=0.75773

- +0.17
=0.987 5

-
K, = 0.64'02| -
+E

8% CL
5% CL

—fl——

g

0 0.5

1 15 2 25
Parameter value

@ Typically improvements by a factor 2 to

3 at HL-LHC

@ Can reach uncertainties as low as 2%
for couplings to bosons, assuming half
theo. unc. and exp. scaling as 1/v/L

CMS Projection

— T T T T T
Expected uncertainties on
Higgs boson couplings

—
Ky

Kw [+

XK, ———————+—

K —————+—H

i 300" at 5= 14 ToV Scenario 1
i 300" at 5= 14 TeV Scenario 2

®p

Ky

X

0.00 0.05

CMS Projection

0 10 0.
expected uncertainty

Expected uncertainties on
Higgs boson couplings

x,
Ky —F—

Kz —t—r

Kg f——t—

Ky
K,

Ke bt

t [ +——

1 3000f67at f5= 14 TeV Scenario 1
F—f 3000 at {5 = 14 TeV Scenario 2

0. 10 15
expected uncertainty

27



PRECISION ON ABSOLUTE COUPLING STRENGTHS (COMPARISON)

® Similar precision for ATLAS and CMS

® CMS H — bb projections more optimistic
® ATLAS H — 77 less optimized

® Important to improve on experimental and theoretical side

Int. lumi. [fb™"]  Exp. K Ky Kz Kg Kp K K

oy T Kzy Ky
300 ATLAS [9,9] [9,9] [88] [11,14] [22,23] [20,22] [13,14] [24,24] [21,21]
300 cms o [5,7] [46] [46] [68] [10,13] [1415] [68] [41,41] [23,23]
3000 ATLAS  [45] [45] [44] [59] [10,22] [811] [9,20] [14,14] [7,8]
3000 cms  [2,5] [2,5] [2,4]  [3,5] [4,7] [7,10] [2,5]  [10,12] [8,8]

® ATLAS: [no theo. unc. , full theo. unc.]

® CMS: [reduced unc,, run 1 unc.]

28



INVISIBLE OR UNDETECTED HIGGS BOSON DECAYS

Two approaches:

1. Indirect using Higgs boson couplings

Cou- 25fb" 300fb~" 3000fb~"
Model  pling All theory unc. Theory unc.: Theory unc.:
Parameter Obs. Exp. All  Half None All  Half None
g M 14 8.9 7.1 6.3 6.7 4.1 2.8
5 Ky 12 13 4.9 4.8 4.7 2.1 1.8 1.7
Kz - - 23 23 23 14 14 14
BR; .. <27 <37 <22 <20 <20 <14 <11 <10

2. Direct search using ZH or VBF production
® Similar or better performance compared to SM combination

We will benefit from combining direct and indirect measurements.

CMS projections similar to ATLAS numbers

29



NO ASSUMPTION ON THE TOTAL WIDTH

ATLAS Simulation Preliminary
Vs =14 TeV: [Ldt=300 fb* ; [Ldt=3000 fb*

T
Koz
>\WZ
tg
o [J—
A“ZF
.
vaE

Lol

0 005 01 015 0.2 0.25
K
A)\X‘,:A(K—:)

CMS Projection

T T
Expected uncertainties on
Higgs boson couplings ratios

o g, f———
g ks

w1,

Kyl [+
P o m—
ik
K lxy f——————————

T T
1 300" at 5= 14 TeV Scenario 1
1 300" at 15 = 14 ToV Scenario 2

KKy

L
0.00 0.05

CMS Projection

L
0.10 0.15
expected uncertainty

Expected uncertainties on
Higgs boson couplings ratios

KKy
Kl [
Ky lry [
KK, [
Klkg [
Iy [———

wixy

1 3000b"at f5= 14 TeV Scenario 1
1 30007 at (5= 14 ToV Scenario 2

000 005

@ Can only measure ratios of coupling scale factors:
. 2 2 2 .

o X BR(ii = H — ff) ~ x,-y Kyt ~fo/ Wlth My = Ke/%, a'nd Ky = KKy, /Ky

@ Exp. and theo. uncertainties cancel in ratio, e.g. uncertainty on integrated

luminosity

L
0.10 0.15
expected uncertainty
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NUMERIC VALUES

® Good agreement between ATLAS and CMS estimate

@ High precision coupling strength measurements possible at the
HL-LHC - improvements of factor 2
® 2% for electroweak bosons
® 5% to 8% for gluons, second/third generation fermions

® Further improvements include differential measurements of Higgs
boson production
® E.g transverse momentum and rapidity

Int. lumi. 6T Exp. kyz Ay A Aoz Mz Azl Az Mg A K(zo)z
300 ATLAS [4,6] [56] [44] [17,18] [11,12] [10,13] [1517] [20,20] [23.23]
300 cms  [46] [58] [47] [811]  [69] [69]  [13,14] [22,23] [4042]
3000 ATLAS [2,6] [2,3] [2,2] [7,10] [8,9] [5,9] [5,9] [6,6]  [14,14]
3000 cams  [25] [25] [23]  [35] [2,4] [3,5] [6,8] 78] [12,12]

® ATLAS: [no theo. unc. , full theo. unc.]

® CMS: [reduced unc,, run 1 unc.] 31



COMPARISON TO RUN 1 (ATLAS)

Cou- 25fb~" 300fb~" 3000fb "
Model - pling All theory unc. Theory unc.: Theory unc.: [ ] Improvements reduced when
Paramet%bs‘ Exp. All Half  None All  Half None . . .
including theory systematic
K7z 25 28 9.8 9.1 8.9 5.1 4.3 3.9 t . t.
5 Az 13 14 4.3 4.0 3.9 2.3 1.8 1.6 uncertainties
Iy 19 20 9.2 8.5 8.3 4.4 3.7 3.5 P
i @® Some exp. uncertainties do not
Ky 26 29 14 m 9.7 8.7 5.7 4.2 . . .
. N 21 ou 83 79 s1 a8 32 scale down with luminosity
Pao 1618 o7 82 77 ©0 46 %0 @ A, asa probe of new charged
Moo 202 Woom o 99 B 56 A particles contributing to
7 Ayq 16 17 9.6 8.5 8.1 52 3.9 3.4
Mg 18 21 210 9.4 73 60 54 H — ~+ decay loop as
«
K B T 64 44 35 57 33 20 compared to H — 2Z
Mz 14 15 5.2 4.8 4.6 3.1 2.4 2.1
25 W 7 16 15 04 64 5.0 [ ] Mg asa probe of new colored
Nz 45 32 877 98 81 74 particles contributing to ggF
8 b 2 2 2o " g9 81 78 roduction loop as compared
Az - - 20 20 20 6.3 6.2 6.1 p p X p
Az 22 24 BN 10 87 58 45 to ttH/tH production
Az 17 18 55 5.2 5.1 2.6 2.0 1.8
Mzy)z - - 23 23 23 1% 14 14
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THEORETICAL UNCERTAINTIES




SYSTEMATIC UNCERTAINTIES (EXAMPLE 1 - RUN 1)

Many efforts to quantify importance of systematic uncertainties, here ATLAS
H— WW" — fvey

@® Dominating systematic uncertainties mostly related to theory, e.g. missing higher
order corrections, pdf+a,, modeling of WW background

@ Experimental systematic uncertainties, e.g. jet energy scale, flavour tagging, lepton

isolation
Impact on (i Impact on 6
Systematic source Pre-fit &, Post-fit A,  Plot of post-fit £, Pull, - Constr,
+ - + - 0 (o) By
ggF H, PDF variations on cross section —0.06 +0.06 —0.06 +0.06 —— —0.06  *1
ggF H, QCD scale on total cross section —0.05  +0.06 —0.05  +0.06 —_— 005  *1
WW, generator modeling —0.07 +0.06 —0.05  +0.05 — 0 +0.7
Top quarks, generator modeling on a,, in ggF cat. ~ +0.03  —0.03  +0.03  —0.03 — —0.40  +0.9
Misid. of 11, OC uncorrelated corr. factor a4, 2012 —0.03  +0.03  —0.03  +0.03 —_— 048 £0.8
Integrated luminosity, 2012 —0.03  +0.03 —0.03  +0.03 —— 008 1
Misid. of e, OC uncorrelated corr. factor @pgq, 2012 —0.03  +0.03  —0.02  +0.03 — —0.06  +0.9
ggF H, PDF variations on acceptance —0.02 +0.02 —0.02  +0.02 —— —0.03  £1
Jet energy scale, 1 intercalibration —0.02  +0.02 —0.02  +0.02 —— 045  £0.95
VBF H, UE/PS —0.02  +0.02 —0.02  +0.02 —— 026 %1
ggF H, QCD scale on ¢, —0.01  +0.03 —0.01  +0.03 —_— —0.10  +0.95
Muon isolation efficiency —0.02  +0.02 —0.02  +0.02 —t— 013 %1
V'V, QCD scale on acceptance —0.02 —0.02  +0.02 — 0.09 %1
ggF H, UE/PS - - —0.02 = 0 +0.9
g8F H, QCD scale on acceptance —0.02 —0.02  +0.02 - 0 +1
Light jets, tagging efficiency +0.02 +0.02  —0.02 - 021  *1
ggF H, generator modeling on acceptance +0.01 +0.01  —0.02 —t— 010 +1
ggF H, QCD scale on n; > 2 cross section —0.01 —0.01  +0.02 — —0.04 %1
Top quarks, generator modeling on a,,, in VBF cat.  —0.01 —0.01  +0.02 - —0.16  *1
Electron isolation efficiency —0.02 —0.02  +0.02 —— —0.14  *1

N e———
-0.1 -0.05 0 0.05 0.1 34




SYSTEMATIC UNCERTAINTIES (EXAMPLE 2 — RUN 1)

H — ~~: theo. and exp. contributions

AR
03 02 -01 0 01 02 03
R A A RAARARRERR s

Z

tot

Vil o) sals (49H)

Vi @) inosty (012

Vil €39 poton 0 2011)

Fosoluion (£x) - sampin

Background modeling: Canval-ow,

Background modelng VB lose

Vil Theon) g5 054

A
ILdl:Asrh’E:7Tev e Pul
Prefit Impact on {i
v .
ey E722) post mpacion
HH‘\\\\‘\\H‘HH‘\H\‘HH‘HH‘HH‘HH‘HH
2 -15 -1 -05 0 05 1 15 2

- 8,)/00

]’Lm:zoam"@:srev

H — bb: experimentally limited

W=bB, W m, shape
!> 120Gev)
Wbl to W+ normalisation
©>120Gev)
W+bB nomalisation
WAHE p! shape (31et)

Signal acceptance (parton shower)

Z+b1 10 Z+0B normalisation (2-jet)

Al

-0.15 -0.1 -005 0 0.05 0.1 0.15 02

72
7

bietenergy
2465, 2428 m shape
Jet energy resoluion
Diepton i normalisaion
WHHF pY shape (24l
2466 normaliation

1

brjet tagging efficiency 4

ar igh Y normalisaton

ATLAS

—e— Pull: ®- 8,00
ooy, [Loto 201 T emaaton .
5=8Tev, = +1o Postit Impact on

=125 GeV [ 1o Postit mpacton
T FER TN FNTN FNTA ENUR FNEA INUNI FARTA THN

2 -15 -1 -05 0 05 1 15 2
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THEORY UNCERTAINTIES

® Approximate required reduction of theory systematic uncertainty
such that its effect is small
® Less than ~30% of the total experimental systematic uncertainty

® Insufficiently detailed model of the underlying theory
uncertainties and their correlatations in different phase space

regions
CMS Projection Scenario Status [ Deduced size of uncertainty 1o increase total uncertainty
- - 2014 || by 10% for 300 fbo~" by <10% for 3000 o'
Fitgs boson coupings 14 e Theory uncertainty (%) 00-12) k7 | Az | bz | k| bz | Az | Az | Ao
99— H
[ PDF 8 2] - - 13 -
K |t incl. QCD scale (MHOU) 7 2| - - L - -
© pr shape and 0j — 1j mig. | 1020 [ - | 35-7 - S| 1s3 ] -
. 1j - 2j mig. 1328 || - - | eS| - 337 -
° 1j — VBF 2j mig. 18-58 || - - - - - 619 -
3 —— VBF 2j — VBF 3] mig. 12-38 || - - - - - - | 619
I E— VBF
' PDF 33 - - - - - 2.8
L L L ttH
000 008 0“eox ected un‘ogrlainl PDF 9 - - - - - - - 3
P Y incl. QCD scale (MHOU) | 8 -l - - S

® Recent developments: ggF production in N3LO QCD (Anastasiou et
al.) - scale uncertainties reduced by factor 3!
36



BONUS: EFT

Width mea- Complement . D
Big combination
surement

Differential:
pr, v, etc.

Physics Operators Constraint
in EFT

LEP, TGCs

motivated

Challenges: Basis, samples, experimental design, ...
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SUMMARY

® HL-LHC provides excellent environment for Higgs precision
measurements - in particular rare processes

@ Upgrade of ATLAS and CMS detector essential to cope with
conditions

® Coupling precision 2% to 10 %

® Potential strong benefit from reduced theoretical uncertainties,
but also remnant experimental systematics

® HH processes (Higgs self couplings) are very important for a more
complete understating of the EWSB mechanism (¢* see talk by
Aram Apyan)

® EFT approach not discussed in detail but important for the HL-LHC
data analysis
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HIGGS PORTAL MODEL

® Conservative assumption: Higgs boson decays to WIMP pairs
account entirely for BR; ,

® Partial width for decays to dark matter particles depends on the
spin of the dark matter particle

& 39 TTT ‘ T T TTTT ‘ T T T TTTT ‘ T T T T TTTT ‘
5 107F 2\ ATLAS Simulation ]
% 104 L Preliminary _|
o = -
104} 3
108 e a
1047 =
ol Vs =14TeV, [Ldt=3000 "
10 L h—yy, h—ZZ* 41, hWW*Siviy,
1 0_51 r h—Zy, h—1t, h—>bb, h—>pp N
[ — gQI\EAQ/SI.TIE(;gSQ/(eg.J%, CL)  ATLAS(95%CL)in |
[ | i H B
1053 1 CDMS (95% SL) Higgs portal model: _
[ mEmE CoGeNT (90% CL) ]
55 —— XENON10 (90% CL) Vecca q
1055 —— XENON100 (90% CL) : Vector WIMP
[ -~ SuperCDMS (90% CL) |
[ LUX (95% CL) B
107 Bl Lol Ll Lo

1 10 102 10°
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Higgs boson may be a composite

MINIMAL COMPOSITE HIGGS MODEL

e oo Alane, | —— [uot 2 30001 A a1
pseudo Nambu-Goldstone boson L e e o—
[+ standar ]
. 12F Comb:: dard Model /_\ E
® Couplings to vector bosons and T S ]
fermions reduced wrt. SM Aoz D E
. . . 1= =
® Scaling of Higgs-fermion ook Mos 5fo j ]
couplings depends on Ry ATLASEE.U"I:::y ]
representation in which SM 08=  MoHMS/ T Ef(? 95% CLat 1§ - 14 TeV
. 08 085 09 095 1 1.05 1.1 115
fermions are embedded .
MCHM, 5 SM : 2,02
hw :ghVVV1_£ with £:V/f
MCHM MCHM SM 11— 25
ghff 4= ghff 71— f and ghff 5= hffF
Model 25" 300fb~" 3000fb~"
Obs. Exp. Allunc.  Notheoryunc. Allunc.  Notheory unc.
MCHM,  710GeV  460GeV 620 GeV 810 GeV 710 GeV 980 GeV
MCHMs  640GeV  550GeV 780 GeV 950 GeV 1000 GeV 1200 GeV



2HDM (EXAMPLE: TYPE I1)

Two neutral CP-even bosons h and H, one neutral CP-odd boson A,
and a pair of charged scalars HE

@ |dentify discovered particle with light CP-even state:

Ky = Sin(8 — ), x, = COSa/sin B, xg = x, = —Sina/ cos 3
2HDM Type Il ATLAS Simulation
Ep 9% olatfE-14Tev  Preliminary CMS Simulation 2013 s=14 Tev  L=3000 fb'
— lot=a00 " Alunc.  COmPined 100 i i

---- lLdt=300b" Notheo. ~ h—> yy.ZZ" WW*
—— JLdt=3000 " Allunc. _, 7y o b 50
= === JLdt =3000 fbo": No theo. o

Type |l —95% CL exclusion
H-=ZZ — S Significance
my = 300 GeV Atlowed (couplings)

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.5
cos(f-a)
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Measured Higgs boson mass fixes radiative corrections to the mass
squared mixing matrix of the neutral, CP-even Higgs bosons

! +s,(my,tan B) tanp
D u A> B Pt
\/1+tan’ B \/1+tan’ B
2
\/14+tan® g and

2
=s,(my,tan f)——— kg = Sq(my,tan B)\/ 1+ tan” 8
Ky u(my B) tan 3 d a(my )

with s, = sina and s; = cos « diagonalizing the CP-even neutral
states

Ky = Sq(my, tan B)

tanB

;ATLAS Simulation Preliminary|
i Combined h — yy, ZZ*, WW*

h = Zy, py, 1, bb
Exp. 95% CL at Is= 14 TeV
Simplified MSSM [iy, %, ¥g)

— I Ldt =300 fb™ all unc.
I Ldt =300 fb" : No theo.
— I Ldt = 3000 fb" all unc.

- J. Ldt = 3000 f' : No theo|

00 400 600 800 1000 1200
m, [GeV]

MO . N WA OO N ®© O

900 1000
m, [GeV]
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