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Let’s assume we live in
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The Standard Model
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The Standard Model

But is it healthy!?
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EW Symmetry Breaking

Predicting Mw

1 Vir«a 37 s SLAC, 1978
Mw = —— 246 GeV = — GeV o )
2 sin Oy sin Oy 1 .
o v‘ ’/ \\\ ’/* \\\
How large is sinOw? s [T
. . - | ! Bpree
Polarised electrons on deuterium (asymmetry % °[— =, ‘}f;‘, [
in cross section for different polarisations) S L \ / i
- \ /
< : /
sin” Oy = 0.20 & 0.03 o} \ ]
: ,
16.2 9.4 22.2

Here is our expectation:

(we need a new collider)
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Prediction of b quark
Prediction of v+ Hello Mr. SM!

How are you
today!?

Predicted the
Higgs boson and its mass

Predicted the mass
of the top quark

Verified by countless measurements...
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Comprehensive Medical Assessment

Fit is overconstrained
» all free parameters measured
(Xs(Mz) unconstrained in fit)
* most input from e*e™ colliders
- Mz : 210

* but crucial input from
hadron colliders:

-me : 41073
- My ¢ 2-1073
- Mw: 2-1074

* remarkable precision (<|%)

» require precision calculations
(NNLO corrections available)

—> | My [GeV]

125.1 0.2

_— MW [GGV]

I'w [GeV]

80.379 £0.013
2.085 £ 0.042

MZ [GeV]
['7 [GeV]
Ogad [nb]
Ry

0,
Apg
A, &)
sin®0q(Qrp)

sin?6; (TEV)

91.1875 £ 0.0021
2.4952 4+ 0.0023
41.540 £ 0.037
20.767 = 0.025
0.0171 £ 0.0010
0.1499 £+ 0.0018
0.2324 £ 0.0012

0.23148 £ 0.00033

0.670 = 0.027
0.923 £+ 0.020

0.0707 £ 0.0035
0.0992 4+ 0.0016
0.1721 £ 0.0030

0.21629 £ 0.00066

2760 =9

1275511

A7

420 5 o7
172.47 = 0.68

LHC
Tev.+LHC

LEP

SLD

| Tev. (+LHC?)
| sLD

LEP

|| Tev.+LHC
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Comprehensive Medical Assessment

Fit is overconstrained

» all free parameters measured
(Xs(Mz) unconstrained in fit)

* most input from e*e™ colliders
- Mz : 2-1073

* but crucial input from
hadron colliders:

-me : 41073
- MH : 21073
- Mw: 2104

* remarkable precision (<1%)

» require precision calculations
(NNLO corrections available)
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Global Fit: News

sin20'ets Tevatron Combination [CDF DO, 1801.06283]

LEP-Tand SLD:Z-pole e 31401000016, € and P combined, full dataset

|_._|
0.232210.00029

" 023008000026 |n EVV fit: Ax2 = +0.02

TeV c|:ombinec|i: CDF+[|)O '_._'0|_23148i0|.00033
| | | | | '

0.226 0.228 0.23 0.232 0.234

LEP-1 and SLD: As
SLD: A,

. 2 lept
SIN” O ¢

Hadronic vacuum polarisation [M. Davier et al., EPJC 77,827 (2017)]

Newest e*e”—hadrons data (e.g. Barbar and VEPP-2000)
AXBChad(Mz2) = (2760 £ 9)- 1075

In EWV fit: Ax2 = +0.17
previously: (2757 £ 10)- 107>
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ATLAS Mw Measurement

[ATLAS, EPJC 78 (2018) 110] _

Pl W= Iy i " T 777 e 'my, (Partial Comb.)
p W— v ATLAS ° 2 Stat. Uncertginty
e'T;V_VVV;f | EsTTV 4tasn S8 “mracomy | ATLAS
M, W= 1w ® Stat. Uncertainty
my, W:—> I:v P Full Uncertainty MW — 803 70 7(Stat) I I (eXP S)’St)
gt DO o . - —— .
P W= ety - + |4 (mod. syst) MeV
my, W"— e*v @
LWy | —— -
mp Wiwsv | ____T_-_i_.- _ _
my-pl, W= T'v e T | T T T T N T ; | T T
M-pl, W Iv 1 maalEE A
My ET x —>II \ | PR o VRPN | | Tevatron :
80280 80300 80320 B0340 80360 80380 80400 80420 80440 BO4E0 M,, = 80387 = 16 MeV "
my (MeV)
LEP o
Tevatron [CDF DO, 1204.0042] M,, = 80376 = 33 MeV
Mw = 80387 £ 8(stat) £ B(expasyst) ATLAS
+ |2 (mod. syst) MeV M,, = 80370 = 19 MeV
Average i
M,, = 80379 =+ 13 MeV .
N €ew ave rage (Uncorrelated = 0.12 MeV) 5
smaller by 6 MeV, uncertainty of |3 MeV I
80300 80350 80400
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New m<« Measurements

/ and 8 TeV combinations by ATLAS and CMS published

CDF
m, = 173.16 = 0.93 GeV

DO
m, = 174.95 = 0.75 GeV

ATLAS
m, = 172.51 = 0.50 GeV

CMS
m, = 172.44 + 0.49 GeV

Private LHC Average

m, = 172.47 = 0.46 GeV
(Uncorrelated = 0.35 GeV)

IIII|§II:IE|IIII|IIII
P

|IIII|IIII|IIII|IIII|IIII|§IIEIE:|IIII|IIII|IIII|II

e

a

Deviation of 3 - 40 w.r.t.
~ LHC average

Average

_ Smaller by 0.87 GeV
uncertainty of 0.46 GeV
(0.76 MeV previously)

167 168 169 170 171 172 173 174 175 176

m, [GeV]

Additional theoretical
uncertainty of 0.5 GeV
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A(LEP)
A(SLD)
sin’07'(Q_)
sin’e. (Tevt.)
A

A
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b

mm Global EW fit

- Measurement

fitter [sw z
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. . ] ' 1 . .

i .
. .
' .
H .
' .

-3 -2 -1 0 1 2 3
(O -0)/ o

indirect t

SM Fit Results

» X2min= 18.6 Prob(XZmin, 15) = 23%
o X2min(old m¢) = 17.3
¢ X2min(old Mw) = 19.3

» Mw: —1.50 (—1.40 previously)
* central value smaller by 4 MeV

* uncertainty reduced by | MeV

» m¢: 0.50 (unchanged)
* central value: 177 = 176.4 GeV
* uncertainty reduced by 0.3 GeV

* can reach 0.9 GeV with perfect knowledge of Mw

» largest deviations in b-sector:

e AObeg with 2.50
[Gfitter, 1803.01853]
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Predicting Mu

[Gfitter, 1803.01853]
Tevatron sinX(0,) | [fiter)) —F*——  [107%%
Tevatron M, o 66 %
ATLAS M, o 92 *>%
LEP M, o 82 *94
LEP A | — 46350
LEP A A 132 4295
SLD A — 355,
SM fit w/o M, —o— 90+
[HCaverage| [ ¢  [1251%0.2
6 10 20 10%2x102 10°
M, [GeV]
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SM: Incredibly Healthy!

[Gfitter, 1803.01853]

;l | | | | | | | | | | | | | | !: | | | | | | | | | | |/*
(3] — 68% and 95% CL contours i M comb. = 1o =
O) B | o m, = 172.47 GeV g
— 80.5 — [ Fitw/oM, and m measurements " -~ 0=046 GeV —
E; o Fit w/o M,,, m and M, measurements i —0=0460 0-50 e Gev
— Direct M, and m, measurements
80.45 - Ei e
80.4 [ —
— M, comb. = 1o
80.35 — Mx - 80.379 = 0.013 GeV
80.3 — -
- : Q /,’// :
L 6@/,’ :'6@/, —
| N o n b o i g
80.25 - W R fitter swz 7
_,’r/ ] ] ] : ] ] ] | ] ] ] ] | ] I_
140 150 160 170 180 190
m, [GeV]
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Extending the Scalar Sector

2HDM with Z, symmetry, nho CP violation at tree level
» Five scalars: h, H,A, H*
» Light h set to the observed scalar state at 125 GeV

» Free parameters: &, B, Mu, Ma, Mus, breaking scale M2

Coupling scale factor Type 1 Type 11 Lepton-specific Flipped
Ky sin(f8 — «)
Ky cos(a)/ sin(f)
K, cos(a)/sin(8) —sin(a)/cos(B) cos(a)/sin(B) —sin(a)/ cos(B)

Ke

cos(a)/sin(f) —sin(a)/ cos(B) —sin(a)/cos(B) cos(a)/ sin(B)

Constraints on free parameters?

» Data from H coupling measurements, flavour decays, EWPO

» Full fit to all data, let 2HDM parameters vary freely

* |[dentify preferred or excluded regions
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2HDM Flavour Constraints

» New scalars give important contributions to flavour observables

* Example: B Xy
[Gfitter, 1803.01853]

T

1=

0-Higgs Doublet Model, Type I

15

I IIII|II'I"L,|IIIII"I-.

10

fy Q. : T I I.::I T T l }:I LI l 1T T 1 l LI I)/I LI l T 1T 1 l 1T T 1 I LI I:

c 45 — - g =

< = Exci u d ed 95% CL excluded regions -

U, 6% U, 61 ol [ EmE - X, E
S - /! el [ ]Bs — uu -

S B =

b W\ 35 =/ (gglons B — v E
H- ¥y 30— w =

g - S e Ds - —:

sE S S | B(K — uv)/ B (m — uv) 7

» Sensitivity to Mu: and tanf3 . -

» R(D) and R(D*) can only > o
be explained in Type /] 200 300 400 500 600 700 800 900
(large tanP and small Mu-+) e [GV]
— excluded by other flavour data

- excluded from further fits
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Muon g—2

Long-standing deviation in the SM: Aa,, = (268 =63 +43)-10~'" (3.50)

Two-Higgs Doublet Model, Type |l [Gﬁtter’ 1803.01 853

» Allowed regions in Type Il ¢ o~ = T
and flipped scenarios = & Allowed 3
,E regions 3

* not compatible with other E E
flavour data sE E

(Bs MM and B—Xsy) B -

3 :,Z/ 68% and 95% CL allowed regions _é

» Aay can be accommodated 3 E
in Type | and e E
lepton specific scenarios 0 =200 300 400 500 600 700 800 900

M. [GeV]
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2HDM Global Fit

Combination of EWPO (through oblique parameters S,T,U), flavour data,

(g—2)u and H coupling measurements

Two-Higgs Doublet Model, Type I [Gﬁtter’ 1803.01 853:

;‘1000]_]]']IIIIIIIIIIIIIIIIIIIIIIIII

g [ 68% and 95% CL allowed regions
» Exclude = 900

Ma, My < 400-500 GeV = s00 - Allowed region (M« = 750 GGeV)

in Type Il and flipped -0 jﬁ

T T T 17 T T 1T
l l

I|I

|IIII|III

E_ ----- 1-sided test —E
600 — — 2-sided test —
» No exclusions 500 | =
Of MA and MH 400 \‘\‘ _:
. \ .
in Type | and | \\ -
- 300 = 955 CL by '\ =
lepton specific s x‘ | .
200 = measurements i ‘.l =

Il | [ | i v l | W Vs | 11 ||l | 1 1 | l‘nl 1 1 1 1 I 1 Ll | I 1 1 1 1 I 1 1 1 |

200 300 400 500 600 700 800 900 1000

. M, [GeV
» Direct searches 4 [GeV]

* No absolute limits on Ma, My, Mu: large freedom of parameter choices
* Important constraints in specific parameter regions
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Back to what we know

A man should look for what is, and not for what he thinks should be.
A. Einstein

Or: Based on what we know, what can we add?
Adding new terms to the Lagrangian, SMEFT:
operators of dimension 6
g2 / » respect SM gauge symmetry
L=Lsu+ Y 50, (SU2) x U(1))
» include only SM fields

» SILH basis, focus on operators with H involvement, EWPO: ct = 0, cww = —cg
» 8 operators of interest

Focus on linear contribution: M|* = [Msum|* + 2 Re{MsuMj_g} + O(1/A*)

[Englert, RK, Schulz, Spannowsky, 1509.00672]
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— a=0

-+ T}V free

Constraints from HL-LHC

— a=_0.5
-- +F'}:“’ free

a=1

+ 7" free

O ; T 'l_ o T o '..'I T4 M

of W\ EF Signal strength only

°F Signal E * Combinations of coefficients ci can

6F strengths // = result in same signal strength

5F d E . .

R R B 420 * Weak constraints, even with

oF E 3000 fb-!

1 - —%10
E 1x10°®

%0 30
— 2=0b=0 == a=05b=0 == a=1,b=1log » Different behaviour at high energies

- + 1" free a=1,b=0 == a=1,b=1,lin

10 v LI I I A N N N

of S\ A\ T [T Aso * go differential in ptH

81 Differential E - generate pseudo-data

7E 3 .

6 meas. E - uncertainties extrapolated from s

oA LSS EN e Lift flat directions

3 E * Much tighter constraints!

2F =

L N . E 1(1;0_6 - Improves LHC physics potential
o P [ 4 D | 4 ! [ 4 [ 4 4%

(—)30 -20 -10 0 10 20 30

Cq [Englert, RK, Schulz, Spannowsky, 1708.06355]
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Prospects of the EW Fit

Future developments for the SM EW fit
» A0Ghad(Mz2) Low energy data (esp. TT+TT-), also pQCD/lattice

» Mw LHC Measurements! Theory uncertainty of 4 MeV!

> my Experimental progress and theoretical interpretations

» sin20/es Can the LHC improve?

» Arp0b Z+b production at LHC, e.g. [M. Beccaria et al., PLB 730, 149 (2014)]

Extensions of the scalar sector
» B—=XsY, Bs™ UH, (g=2)u..., precision H coupling measurements

» Direct searches: cover all possible final states

General extension with the SMEFT
» EWPO, LEP 2 data, flavour data [J. Ellis et al., 1803.03252]

» Differential H measurements, also sensitivity to H self-coupling A!
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Additional Material

Roman Kogler 22 Examining the SM and beyond f|‘[te|’ /}[



Precision Estimates: Corrections

Modifications of Propagators and
Vertices

0
Y Y | S
» QED corrections X all m%
é -

* leptonic loop insertions

- calculable to high precision Y Y
AW had W X Aapag(s)

* quark loop insertions (hadronic)
- partially not calculable in pure pQCD

W/Z W/Z

» Weak corrections X Ncm?
* Insertion of fermion loops : T
- high sensitivity to ms (if ms > mw ) H 5
. WIZ .-~ WIZ Mz
* Insertion of boson loops o In —5-
- logarithmic sensitivity to My WW MW
/4
» QCD corrections |
« Sensitivity to strong coupling ° X as(s)
- numerically small contribution (I + &s/TT) viZ q
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Predlctmg Mw

(q] 10 [ T ] | 3 T —

X — . : g ]
< 9F---\---- -_;______________________; _______________________ E fltter SM 130

8 = : SM fit w/o M,; megsurements 3

g SM fit w/o My, angd M, measurements g

7 = —- LEP [arXiv:13028415] E

6 — ~#— Tevatron [arXiv{1204.0042] —

= ;. =@ ATLAS [ERJC[8, 110 (2018)] =
4 i— ---------------------------------------------------- —; 20

3F- =

2 E- 3

= B =
1 I . Ui A } + - — 10

— @ i -

0 [ ] ] | ] 2 ] ] ] | ] ] | ] ] ] ]
80.34 80.36 80.38 80.4 80.42

My = 80.3535 + 0.0027,,, & 0.00305,, . -

+0.0024A4, .,

= 80.354 £+ 0.007¢o; GeV

-0.0001 5,

M,, [GeV]
- 0.0026,7, +0.0026,,

+0.00405, a7, GeV,

(exp: £ 0.013 GeV)
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© a D W & 01 0O N O ©

Predicting m¢

EN I BN R B T 1 T T [ T T 1 T T 1 T T T

S S SM it wio m, 'ra'e'e;;;;(;;r;éa;g' L
;_ SM fit w/o m, and M, measurements _;

= -@- ATLAS [ATLAS-CONF-2017-071] '

= -B- CMS [PRD 93, 072004 (2016)] &

= ~- DO [PRD 95, 112004 (2017)] =

= CDF [CDF 11080 (2014)] E

e . AR —20
i— ---------------------------------------------------------------------- —i 1o
S R

I170 172 I174 .176 I178 180 182
m, [GeV]
my = 176.4 + 2.1 GeV  (exp: £ 0.46 GeV)
(perfect knowledge of Mw: = 0.9 GeV)
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2HDM and H measurements

» Alignment solution

e cos(B—a) =0 (light his SM solution, kv = 1)

Two-Higgs Doublet Model, Type I

ol | | | | | l | | | | | | | | | | | | | | ]

) F|Ipped So|ution = 45 E_ 68% and 95% CL allowed regions_f
¢ B"‘O( = T1/2 40 = =
- inverted sign 35 —
of down-type 30 |- =
fermion couplings 25 - E

- new data on 20 £ =
bb and TT will 5 E
constrain this region -  SUTTSOTIN TN B

10 :_ . . . . . ICOS(B_ ai _:

5 =

: | | | | | | | | | | | | | | :

-0.2 0.6 0.8 1

cos(p - a)
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Dim-6 SILH Basis

» Focus on operators with Higgs involvement

» Do not consider operators constrained by electroweak precision
measurements (and ct = 0, cw = —cg)

b )_@(HTH)S

Lsma —@3” HTH HTH) —I— o (HTD“H
202 V2

v
n (HTHuS)HC (D) |y, c) n H HdV HAY +h.c-)
v

n (HT @D“H) (D*W,,,)" +& (HTD’“’“H> (0" B,,)

mW W

- @(D“H)T o' (D'H)W ), + (D“H)T (DYH)B,,,

My My
g
+ H'HB,,B" {22 HTHGS, G .
miyy My

» 8 operators of interest left

Focus on linear contribution: M = Mgy + Mi—¢
IM? = [Msml* + 2Re{MsmuMj_g} + O(1/A%)
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How well can the LHC do?

» Study LHC’s reach for 300 and 3000 fb~! (per experiment)

» Extrapolate run | measurements

* Consider measurements only for leptonic decays of W, Z

‘ ;% — any final state

q N

* Estimate expected number of events
N=¢,xesx0(H+X)xBR(H —YY)xBR(X,Y — final state) x L
* Additional uncertainties from systematics and
backgrounds for each process
* Scale systematic uncertainties with luminosity
» Cross check extrapolations with ATLAS/CMS results v
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Fit Framework

» Fast parametrisation of calculations: Professor [Buckley et al.,0907.2973]

 production:YBFNLO [Arnold et al., 1207.4975]

* decay: eHDECAY [Contino etal,, 1403.338]]

* predictions normalised to results from HXSWG
» Run | Higgs data: HiggsSignals [Bechtle et al., 1305.1933]
» Statistical framework: Gfitter [Gfitter group, 0811.0009]

Data Wilson coefficients with V' = Viiar + Viyst
, \ _ \ 0. taken to be normal
X° = (x—1t(c;,0r)) V™ (- t(cz/ék)) distributed
Predictions nuisance parameters for
theoretical uncertainties
(correlate across channels)
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Theoretical Uncertainties

» assume uncertainties from SM h.o. calculations

production process decay process
pp — H 14.7 H — bb 6.1
pp — H + ] 15 H — ~y 5.4
pp — H +2j 15 H— 171" 2.8
pp — HZ 5.1 H — 4] 4.8
pp — HW 3.7 H — 2[2v 4.8
pp — ttH 12 H — Z~ 9.4
H— putu 2.8

» two nuisance parameters (OsM, 0os) for each

* production +u f( — 5.06)
Hi, f =
* decay f—l—uf(l—d M

process, in other words: rate uncertainties only (for now)

» 26 nuisances, 8 Wilson coefficients = 34 free parameters
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Impact of Theory Uncertainties

Uncertainties in tails of pTH
» One additional nuisance parameter for each production mode (+6)
* vary inclusive rate and tails independently

* |logarithmic or linear dependence

pp = H + jet
> 08 e e =
A; = u;(a(l — ;) g o7p E
§ 0.6 =
=3 b = 1, lin E
® b(1 — 05 tait) f(pT,11)) - -
0.4 =
0132_ b = I,IOg _i
B My + pr.u 02 E
log:  f(pr,n) = log ( Mo ) 0.1 b=0 E
_ PT.H Ob il I R IV IR T I N .
. —_- — 0 50 100 150 200 250 300 350 400 450 500
lin:  f(pTH) Mo P, ,[GeV]
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Constraints from Run |

30

N 00 © O

marginalised
result

20

10 others O
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S IIIIlIIII|IIII|IIIllIIII|IIII|IIII|IIII|IIII|IIII
- IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
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1© ma N W A~ 01 ON 0O © O

3 IIII|IIII|IIII|IIIIIIIII|IIII|IIII|IIII|IIII|IIII

50 —40 -30 —20 —10 0 10 20 30 40 50
cu3 cW

No noteworthy constraints on other 4 operators
[Englert, RK, Schulz, Spannowsky, 1509.00672]
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Constraints from HL-LHC
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[Englert, RK, Schulz, Spannowsky, 1509.00672]
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Flat Directions

. ) [Englert, Spannowsky, 1408.5147]
Multi-parameter fit

S: — (¢,%0)=(0.5, 0.5)

(5 eenn (€, %9)=(0.7, 0.3)

» Combinations of coefficients ¢; can result 2 10 - bxo=0.0)

° ' £ 107 - a1, 0

in same signal strength 3 oF ety
» No sensitivity without fixing some to 0 g 10°F
© 10
Solution i
» different behaviour at high energies 10_,E

» include differential measurements of pTH 5 600(3 =00
\Y
HZ,H — WW* — 2]2v pT'”[ eVl

100 IIII'II | III III

Pseudo data

a1
o
T T T T
i
I
i

S

% » extrapolate uncertainties from

lg 0 : IERIS inclusive measurements

5 | » correlated systematics across pTH

._% _50:_ .......................................... B U N S SO S S B, i » assume Perfect Separation into

! | S S production and decay channels
-100

0 100 200 300 400 500
u P, [GeV]
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Lifting flat directions

10 L = 3000 fb~!
; T I | LT | T .
& | ] only signal strengths
10 — . .
_ including ptH measurements
- 7 » Strong correlations between
0— — . .
i ) coefficients are lifted
- 7 » Simultaneous constraints on
} | all parameters possible
10—
IR I B R R A Nl Ix10
~10 -5 0 5 10
Cw

[Englert, RK, Schulz, Spannowsky, 1509.00672]

lJ.l.' - . 1
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Invisible Width

» Consider additional light degree of freedom H

» if I 'tot (and I'iny) increases, signal

strengths decrease

HL-LHC, 3000 fb™'

L2
L2
L2
L2
L2
L2
L2
-
L2
L2
L2
L2
L2
L2
L2
L2
L2
.
.
.
.
‘e
.

~, 10 e No BSM contributions
< 9;— --------------------- —;30 beyond BRiny:
8E — notheo unc E BRinv < 3%  (no theo unc)
7 = u only, a=1 =
6 E —— w+p,asl,b=0 = BRinv < 9-11% (with theo unc)
5 -/ /J w+p,,, a=1,b=1,log E
= S e ,a=1,b=1,lin Z .
L I i T T | f‘___; 2c Very similar to expected
3E = direct measurements
2 ;— —; [Okawa et al., 1309.7925]
1/ /e —1o
oLl b T ATLAS study: BRiny < 15%
0O 02 04 06 08 1 1.2 14 16 1.8 2 [ATL-PHYS-PUB-2013-015)
. [MeV]
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Consider additional light degree of freedom H
No BSM contributions beyond BRin: BRiny < 10-15%

©C mwa N W o O1 O N O © O

Invisible Width with HL-LHC

. X (DM)

3
3
3
3
3
3
3
3
3
3
‘e
3

AR
""""
‘‘‘‘‘
>

signal strengths
p? dist., b=0
------ p? dist., b =1, log
pH dist., b =1, lin

e e e e o e e e e - - - - — e = e e e A e e e e e AN - e e e e = -

.
L d 1N
L ot

1708.06355] HL-LHC, 3000 fb™’
:I | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | I"I | | | I,‘d:
L ™n SR A 130
' IncIude dé Op \ < Ko
a=1 | effects 7 Rl BRin 20-257%

(with ptH meas)

(not too far

from constraints
25 with SM+BRinv)

arge
_ difference!

\ BRinv < 30'35%

--------------------------------- 16 (Ms only)

0 02 04 06 0.8

1.2 1.4 16 1.8 2
I, [MeV]
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Off-shell Measurement

Can H—ZZ off-shell measurement help to constrain liny?

» Extrapolate run | measurement / -
of ma4e, similar to ptH g
7
e off-shell: m42 > 330 GeV g !

* dominated by statistics,
~ 15% uncertainty with HL-LHC

[Englert, Spannowsky, 1405.0285]

CMS | 1 s o In A
19.7 b (8 TeV) + 5.1 fb™" (7 TeV) | ‘ _
> T T T1TT | |||||||| | L | L | L | L |_ 8 1 L ’\/g - 8 Tev
& 60~ « Data B o B
I 1 9g+VV - 27 j < 101
(@) B ~ i Q
2 sof B og — 22 - cl
® B B Z+X ] g 102
S 4ol £
40 > T T — < 10~
Lﬁ . §14} E
B -~ 12 —4
30F £10f — 10
L g 8f
B W ef ] 107°
i 41 i - 1 | | | 1
201 of | 1 L 14 01 02 03 04 05 06 07
_ 010 120 130 140 150 i m(4L) [TeV]
10% m, (GeV) ] 99/ 7z, my
i ggh, my — oo -----
0 ] ‘ ; o ) [CMS, |40503455] ggh) mt7mb
100 200 300 400 500 600 700 800 . 3,my, = 65 GeV ——
m, (GeV) [Caola, Melnikov, 1307.4935] 3.my, = 400 GeV ------
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On-shell and off-shell

Consider only pp—ZZ—+40 measurements

N 9; 97
» on-shell: precision of 3% ~ T, marginalise over cg, Cu3, CH
(others fixed to 0)

» off-shell: precision of 15% ~ g; 9?

HL-LHC, 3000 fb™

a, 10 o P T
é 9 e _530 rinv = 7 MeV at 95% CL
-~ pp — 4l, on + off-shell A . .
8 . E with single measurement
- free ¢, Cy, Cyq i / .
75 = in the context of an EFT
6 e without theory uncertainty B
5 %_ with theory uncertainty %
4 i— —220
3 =
2 =
15 1o
0 e T T T T T e -
0 10
[MeV]
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Off-shell measurement and liny

Study impact of off-shell measurement in full fit

«, 10 _ ,',‘",-"—I",'?’,:?OIO,O,“P,_; marginalise over all ¢;
< Ol S —30
g E 3 Correlating on-shell
2 E E and off-shell region a
6E E la Caola-Melnikov
5E E does not improve
PRSI A/ A signalstrenths 35, width constraint
3E + off-shell E within EFT framework
= pfdist, b=1,log 3
2 3 + off-shell E (less sensitivity of
(1) = S S o _510 off-shell compared to
0o 05 1 15 2 25 3 35 4 over-constrained
I, [MeV] measurement system)
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