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SM measurements

So far, no hints of BSM physics from direct searches at the LHC ...

Standard Model Production Cross Section Measurements Status: May 2020
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. but a wide plethora of SM precision measurements available



The Standard Model Effective Field Theory

SMEFT allows a systematic interpretation of large data sets in terms of new
physics (NP)
» It does not assume that the theory is valid at arbitrarily high energies.

Extends the SM Lagrangian by adding new operators of d>4 suppressed by the
NP energy scale, 1/ Ad-4

» Valid for A>> vev. Keeps same fields and symmetries as the SM
4= a’—8

Lsyerr = Lsu t+ Z —@d_6 + Z S

]

» Only ¢/ Ad4 is measurable
»  Several operator bases can be worked out, different conventions in use

Constrain EFT coefficients = constrain large classes of UV theories



Higher orders in SMEF T and other concepts

More insertions  More loops InterferQAce Quadratic
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From 1809.04189

And higher dimensional operators

Naive expectation: dim-6-interf > dim-6 quadratic ~ dim-8 interference

» Not always true (e.g. if interference is suppressed)

» Studies of quadratic terms can be a test of the EFT convergence

Typically, a LO SMEFT is used

» But SMEFT compatible with NLO corrections, unlike kappa-framework or
anomalous couplings.

No clear recommendations on uncertainties for EFT predictions.

In differential measurements, effect of operators usually growing with (E/A)d-4

»  Measure in tails of distributions

Growth of amplitude with energy can violate unitarity =EFT no longer valid
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https://arxiv.org/pdf/1809.04189.pdf

From al GCs to EFT's

V=2~

ﬂwl)\(E)TGC W\é)TGC wsalia:TGC (not in SM)

aTGCs controlled by 3 CP-Conservmg parameters {61V, kv,Av}. Additional terms

needed for neutral gauge couplings and aQGCs. Lagranjgmn approach
—igwlgy (WhW VY — Wo WHVY) 4 i Wi W, Vi) — i —— VIR WP W

Can add more terms adding derivatives (with addltlonalvﬁ / Mw scalmg\(

Not necessarily gauge invariant

o C . gi=1+ CW
Leads to unitarity violation = Use e.g. form factors /\2

EFT operators in dimension-6 for TGCs k,=1+(c,+cp—— nj\zz
Op = (D,H"B"'D,H Others in Backup
Oy = (D,H) WD, H O = DHWDH
Oyrww = Tr[W,, WEWP) Oiw = Tr[W,, Wi W)

In EFT many other operators affect vector-boson measurements, usually not

considered since they were well constrained at LEP (this is basis dependent)
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arXiv:1907.08354

CMS:WWand WZ

Dedicated measurement for constraining anomalous cMS

35.9 fb' (13 TeV)

Muon channel

o 10*

WWy and WWZ couplings
W decaying leptonically and Z or W hadronically (fat jet)
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Semi-leptonic channels offer a good balance between ¢ i

65 < mg;, < 105 GeV

¢ Data
— — Signal ¢, /A*=1.59 TeV*3
I W-jets
]t
B ww
Wz
B singlet
B2 Post-fit unc.
~

E|

purity and etficiency | T
» Reduction of W+jets with jet substructure techniques TITRTETE
N . . . o att tdadt 1t 4 L]
+  Limits from 2D unbinned LH fits to (msp,mwv) gogp p AT
. . . . . 310001500 2000 2500 4000 3500 'Zto'odG' ' 6500
“ cwwwand cw similar impact in WW and WZ, cg much My (GeV)
. . _ _CMS _35.91b" (13 TeV)
g]_‘ eate]f' ]_n WW reglon. N> ——————— Expected 68% CL — — Expected 95% CL
. . O L ammant T e e
» Little separation power between cwww and cw = ol .
<Vl —
*  Improvement wrt. 8 TeV results e TN
L SO
0 o
Parametrization aTGC Expected limit ~ Observed limit Observed best-fit 8TeV observed lim )
cwww /A2 (TeV2)  [-1.44,1.47] [-1.58, 1.59] -0.26 [-27,27] 40l —~
EFT cw /A% (TeV—2) [-2.45, 2.08] [-2.00, 2.65] 1.21 [-2.0, 5.7] i . I -
cg/ A2 (TeV™2) [-8.38, 8.06] [-8.78, 8.54] 1.07 [-14, 17] 2 o /A2 %TeV'Z)
Az [-0.0060, 0.0061] [-0.0065, 0.0066] -0.0010 [-0.011, 0.011] W
LEP Aglz [-0.0070, 0.0061] [-0.0061, 0.0074] 0.0027 [-0.009, 0.024 ]
AKz [-0.0074, 0.0078] [-0.0079, 0.0082] -0.0010 [-0.018, 0.013 ]



http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-008/index.html

ATLAS: WW
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arXiv:1905.04242

*  WW—evuv. More background than WZ, need

* Limits from unfolded leading pr! differential

BSM terms behave as SM in the unfolding

“ Large EW corrections in the prt! tail
+ Less sensitive to Ow, Owww than WZ
* Studied relevance of quadratic terms

Relevant especially for Owww

Operator  95% CL (linear and quadratic terms) 95% CL (linear terms only)

cwww /A2 [-3.4TeV~2, 3.3 TeV 2] [-179 TeV~2, =17 TeV 2]
cw /A2 [-7.4TeV~2, 4.1 TeV 2] [-13.1 TeV 2, 7.1 TeV~2]
cp/ N2 [-21 TeV~2, 18 TeV 2] [-104 TeV~2, 101 TeV 2]

Parameter  Observed 95% CL [TeV 2] Expected 95% CL [TeV~2]
cwww /A [-3.4,3.3] [-3.0,3.0]
cw | A? [-7.4,4.1] [-6.4,5.1]
cg/A? [ 21, 18] [-18,17]
Ciww /A [-1.6,1.6] [-15,1.5]
cyir /A2 [-76,76] [-91,91]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-24/
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arXiv:2009.00119

CMS: WW

Two methodologies (sequential cuts and random
forests) studied for background estimation.
WW—l+vl-v with 0 or 1-jet

Limits from me, templates (not sensitive to higher-
order QCD effects or jet energy scale). BSM terms
behave as SM in the unfolding

Only different flavour event sample

» Same flavour has larger contamination from DY
e, >100 GeV to reduce Higgs contribution
Almost a factor 2 better more stringent than ATLAS
» Due to the usage of 1-jet measurement

Coefficients 68% confidence interval 95% confidence interval
(TeV—2) expected observed expected  observed
cwww/A?  [-1.8,1.8] [-0.93,0.99] [-27,27] [-1.8,1.8]
cw / A\? |—3.7,2.7] —2.0,1.3] |—5.3,4.2] [-3.6,2.8]
cp/ N> [—9.4,8.4] [—5.1,4.3] |—14,13] [—9.4,8.5]



http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-004/index.html

ATLAS: EW Zijj -

Differential cross sections for EW Zjj production (Z to

ee or up) for the first time. Full Run 2 analysis
Shape and normalisation of strong Zjj from data-driven

method (significant modelling unc. in the predictions)
Using Warsaw basis as implemented in SMEFTsim

package

Also exploits parity odd observables, Adj;, for the
constraint of CP-even and CP-odd operators

Checked importance of quadratic terms

» Constraints mainly from interference (test of EFT

convergence), no unitarity violation issues.

95% confidence interval [TeV 2]

Expected

Observed

p-value (SM)

[-0.30, 0.30]
[-0.31, 0.29]

[-0.19, 0.41]
[-0.19, 0.41]

45.9%
43.2%

[-0.12, 0.12]
[-0.12, 0.12]

[-0.11, 0.14]
[-0.11, 0.14]

82.0%
81.8%

[-2.45, 2.45]
[-3.11, 2.10]

[-3.78, 1.13]
[-6.31, 1.01]

29.0%
25.0%

Wilson Includes
coefficient | Mgyg|?
cw | A2 no
yes
éw | AN? no
yes
CHWB / A2 no
yes
c HWB / A2 no

yes

[-1.06, 1.06]
[-1.06, 1.06]

[0.23, 2.34]
[0.23, 2.35]

1.7%
1.6%

Ratio to SM

arXiv:2006.15458

q

q

(a)

ATLAS Simulation

VS =13TeV, EW Zjj- lljj

| Mae? 2Re(MgyMgs)  —|Mqgsl? + 2Re(MgyMqs)
cw/A?=02TeV2 i i
: 1
: —-——
i 7‘_1 P . ——
i h__J: = [
H
1
1 1
: :
Ew /N2 =02Tev2 i
: Il_l_l—l_-r-i
! ' Ll_
1
’ I’I_I
1
: —
1
[chwe / A2 =1.8 TeV~2] ,
1 1 1
S e —————— e B =
1 1 iy JEEPSS | - —
1 1 :
! =
| —
H
L i
‘EHWB//\Z =1.8 TeV‘Z‘ E
I | =
: —
1
1
H “_I—Lr__l
1
1
1
H
PN e N 000 N0 000000 PN eRNooRNED R T
v—hxmvhmmmmwﬁ-mww hggaagggg;gfgogfgggg
il iddonnssne Y898 vy ogygrys
= e R A R SR )
mj; [TeV] |Ayjl pr.u [GeV] Ag;;

A=y yb with ye>yb


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-27/
https://arxiv.org/abs/1709.06492

Beyond dim-6: n'TGC and aQGC

No neutral gauge couplings in SM or from dimension-6 operators at tree-level
They first appear at dimension 8

Oy = iH' B, W{D,,D*YH Oy = iH'W, W"{D, D"}H
Opy = iH'B,,W*{D,, D"}H Opp = iH'B, B*{D, D'}H

Operators with quartic vertices appear at dimension 8

Assume processes probing aQGC have negligible contribution from dimension-6
operators (constrained by other measurements)

Lagrangian terms:

ZLso1 < (D), ZLyo_7 x (F)D,D), Lro_gx (F*)*
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arXiv:1905.07163

ATLAS: Z7—919y i

Z7—212v. Larger branching fraction than 41

» Also larger backgrounds § 3_ %C’;‘gi oV, 361 b oo vy
» One Z boson boosted recoiling against the other 2'5:_\+ ----- £=1.5x10°

nTGC limits from unfolded pr!!l (>150 GeV) distribution SIS E:;gjjgi .
Sensitivity range found to be within unitarity bounds, 1.5 . Theo. Uncer.
no form factors applied. 1 e
Sensitivity limited by statistical uncertainty in data 05 R

(40%)

200 300 400 500 600 1000

Log-Likelihood ratio relying on Gaussian ol [GeV]
approximation (at least 10 events in the higher pr! bins) T

fz' f;Z fs')’ fSZ
Expected [x1073] | [-1.3,1.3] | [-1.1, 1.1] | [-1.3, 1.3] | [-1.1, 1.1]

Observed [x107%] | [-1.2,1.2] | [-1.0, 1.0] | [-1.2,1.2] | [-1.0, 1.0]

1-dimensional 95% CL
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-03/
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# Three different channels 4e, 2e2p, 4. Both Z bosons on-shell, mass range 60-120 GeV

+

Bl zz -+ 2jets EW
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arXiv:2009.01186

Expected 95% CL  Observed 95% CL

aTGC parameter x10~* x10~*
Z -8.8;8.3 -6.6 ;6.0
z -8.0;9.9 -5.5;7.5
L 9.9;9.5 -7.8;7.1
4 9.2;9.8 -6.8;7.5

EFT parameter Tev* TeV
Caw /A -3.1;3.3 2.3;25
Cww/A* -1.7;1.6 -14;1.2
Cpw /A% -1.8;1.9 -14;13
Cpp/A* -1.6; 1.6 1.2;1.2

1000

L
1500

Mg, [GeV]

» Interpretation from the combination of 3 channels in the four-lepton mass

o%

» Improve in the limits by 4-6%

*  One-loop EW corrections applied as a cross check
Zyy constrained by ATLAS Z(vv)y analysis

+ Most stringent limits on ZZZ and ZZy anomalous couplings

Similar strategy but looser constraints (36/fb) in ATLAS ZZ->41 analysis
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-001/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-18/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2016-15/

arXiv:2008.10521

CMS: Wy VBS

W decaying in the leptonic (e or u) channel 2%
pT’> 25 GeV, mjj; > 500 GeV, | Anjj | >2.5

» EW extraction from 2-D template fits to (m;;, my)

Observed 2ANLL

Observed 95% CL limit

aQGC limits from fits to myw distribution

"5 05 0 05 1 18
fro/ A* [TeV]

+ Using Eboli basis

Limits set from profile likelihood test statistic ~_Parameters Exp. limit Obs. limit Usound
. . fmo/A* [-81,80] [-7.7,76] 1.0
Most stringent limits on fum 25 and fre7 fa/AY [—12,12]  [-11,11] 12
CMS 35 9fb’ (13 TeV) fma/AY [-2.8,28] [-27,27] 1.3
E ~'Wacowy [y 'DdSnget - LiYE /Ai —4.4,44] [-40,41] 15
8103 - |:| EW Wy .Q.CD Zy |:|e—>y = fM,4 /A4 :—5.0, 5.0: :—4.7,4.7: 1.5
N [ ¢ Data [CIMisiD lepton - [C] vV - fms/ A —8.3,8.3] [-7.9,7.7] 1.8
E, m Unc. [ MisID photon [ ] Double misID - fme /A% [—16,16] [—15, 15] 1.0
§10 3 fr /A =0.8x10"2 TeV™ E Fair/ A (—21,20]  [~19,19] 13
W - fmo/A* [-06,06] [-0.6,0.6] 1.4
10 E fmi/A* [-04,04] [-03,04] 15
i fma/A* [-1.0,12] [-1.0,1.2] 15
e 2. e fms/A*  [=05,05] [-04,04] 1.8
- —— / fme/Ar  [-04,04] [-03,04] 1.7
1o / / fiz/AY (209,09 [-08,09] 1.8

200 300 400 500 600 700 800 900 1000 1100
My, [GeV]
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Similar strategy followed in Zy SMP-18-007



http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-008/index.html
https://arxiv.org/pdf/hep-ph/0606118.pdf
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-007/index.html

CMS:WZ and ssWW

W*Z - Ful*[Fand WW — [Fvl*v
» ssWW cleanest channel in terms of EW signal to QCD bkg. ratio  §'*

EW WZ signal separated from WZ QCD process using a BDT
approach

aQGC limits from fits to the transverse mass of the diboson system
distribution

» Eboli basis. Cutting the EFT integration at the unitarity limit

Improvement over other leptonic measurements of WZ and WW

» But less restrictive than semileptonic final states

C
B 408

10°

arxXiv:2005.01173

q

[ Wrong sign
I Other bkg.

f,/A%=2.9 Tev*
— g/ A" =20 TeV*

2\ Bkg. unc. T

B EWKWZ

mwz “
Y74 ]

[ Nonprompt

I tVx ]

500

1500
miZ [GeV]

Including unitarization

Observed (W=W=) Expected (W=W=) Observed (WZ) Expected (WZ) Observed Expected
(TeV %) (TeV %) (TeV %) (TeV %) (TeV %) (TeV %)

fro/ A [-1.5,2.3] [-2.1,2.7] [-1.6, 1.9] [-2.0,2.2] [-1.1,1.6] [-1.6,2.0]

fri/ A [-0.81, 1.2] [-0.98, 1.4] [-1.3, 1.5] [-1.6, 1.8] [-0.69,0.97] [-0.94,1.3]
fra/ A* [-2.1,4.4] [-2.7,5.3] [-2.7, 3.4] [-4.4,5.5] [-1.6,3.1] [-2.3,3.8]
fmo/ At [-13, 16] [-19, 18] [-16, 16] [-19, 19] [-11,12]  [-15,15]
v /A [-20, 19] [-22, 25] [-19, 20] [-23, 24] [-15, 14] [-18, 20]
fve/ A [-27, 32] [-37, 37] [-34, 33] [-39, 39] [-22, 25] [-31, 30]
famz /A [-22, 24] [-27, 25] [-22, 22] [-28, 28] [-16, 18] [-22, 21]
foo/ A* [-35, 36] [-31, 31] [-83, 85] [-88, 91] [-34, 35] [-31, 31]
fo1/ A4 [-100, 120] [-100, 110] ~ [-110, 110] [-120, 130] [-86, 99] [-91, 97]


http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-012/index.html
https://arxiv.org/pdf/hep-ph/0606118.pdf

CMS: 77 VBS P
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arXiv:2008.07013

Four lepton final state with two high mj; jets
EW signal separated using a matrix element discriminant
Evidence of the process achieved
Sensitivity to charged- (T0-T2) and neutral-current
operators.
Limits from the invariant mass of the four leptons
Measurement statistically limited
Most stringent tests of neutral-current op. (T8, T9)
Unitarity upper bounds from this paper

m,, [GeV]

Coupling Exp. lower Exp. upper Obs. lower Obs. upper Unitarity bound
fro/ A* —0.37 0.35 —0.24 0.22 2.4
fri/A* —0.49 0.49 —0.31 0.31 26
fra/ A* —0.98 0.95 —0.63 0.59 25
frg/A* —0.68 0.68 043 0.43 1.8
fro/A* —15 1.5 —0.92 0.92 1.8
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-001/index.html
https://arxiv.org/pdf/2004.05174.pdf

K/
L. %4

EF1 in the Higgs sector

Anomalous HVV couplings strategy also followed in the Higgs sector

]. * 3k * * v * Nk v
A(Xj=0 = VV) = > (91””'36162 +92f,u(/1)f @) +g4fm(,1)f (2),1 )

Moving to EFT several bases are or have been used for the interpretation of the
results -> Mapping from one complete basis to another can be done

Warsaw basis: First non-redundant set of operators proposed.

SILH basis: Designed to capture effects in which BSM couples to SM bosons

Higgs basis: From BSM primaries.

Basis Underlying gauge symmetry Fields used in the
Lagrangian
Warsaw, SILH SUB)ec xSUR)L xU()y Gauge-eigenstates
BSM primaries, Higgs SUB) e xSUR) xU()y Mass-eigenstates
Higgs/BSM characterisation SUB) e x UM gum Mass-eigenstates

From Eur. Phys. ]. C (205) 75:583
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https://arxiv.org/pdf/1309.4819.pdf
https://arxiv.org/abs/1008.4884
https://arxiv.org/abs/hep-ph/0703164
https://cds.cern.ch/record/2001958
https://link.springer.com/content/pdf/10.1140/epjc/s10052-015-3806-x.pdf

arXiv:2007.02873

ATLAS: H—bb (resolved)

Measurement of STXS using full run 2 dataset and the Warsaw basis as implemented

in SMEFTsim (flavour universality)

No a-priori assumption on the set of parameters to use in the fit, retain those with
more sensitivity in the measurement for 1-D fits (neglects correlations).

5-D fits using most sensitive directions of the measurement

» Diagonalising EFT matrix starting from the Fisher information matrix of the

measurement and propagating the EFT parametrisation ATL-PHYS-PUB-2019-042

s 3
% 5 55_ ATLAS Data best-fit +1o -1o E
© [ {s=13TeV, 139" Cg=0.00 ~ —003 ---002 3 ATLAS (s = 13 TeV, 139 fb”
2F VH,Hobb,A=1TeV ;.  ©€,=006  —022 ---010 —68% CL ---95% CL VH, H — bb, A = 1 TeV
1-5;‘ | ' [ ‘ m Linear (obs.) m Linear + quadratic (obs.)
|| R R e BestHit (obs.)
0.5E ! E Linear  Linear + quadratic
~E : . . . ; 68% CL 68% CL
> 3 C T T T ] _ _ _ |
: ] c . x10.0 - [0.017,0.029] [-0.018, 0.026]
“o o5F Data best-fit +1c 16 E oo | ] v
o F Cep = 0.10 025 ---044 6, [X5.0] R [0.081,0.22]  [-0.19,0.10]
: : =070 =277 ---136 3
1 5E \ E Gy [X2.0] e [0.17,021]  [0.24,0.18]
— | | 5
1“ R SRR - Cog [X 0.5] - [-0.46, 1.3] [-0.44, 1.1]
05— .. -enaTTITI E
C : ! ! ! . |CdH| [x0.05] [--------mmmmme- — o [-13,3.3] [-10, 3.8] U [29, 43]
M/ M/ < < < PR RN SN NN TN T N N TN ST SO N TN ST SN NN TN TN SN NSNS ST S NN
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ATLAS: H—=bb (boosted

= 5 r T T T
o | ; : +1c 1o
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Coefficient | Eigenvalue | Eigenvector combination
CEA 1500.0 | 0.99-c§3) +0.11- ¢y,
CEB 26.9 | 0.82- ¢y, —0.49 - cly) —0.24 - cpy — 0.13 - ) .
*
cro 2.2 | 0.67-Zpg+0.66-cry +0.18-cly) —0.16- ciy) +0.14-
cawp +0.12- ¢tV
CED 0.1 [ 0.70 - ) +0.52 - crwp +0.27 - ey, — 0.27 - cppyy —
0.24-cyy+013-cyp
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(\ Large — R jet
\\5 N\ Anti—k R=1.0

DN pr > 250 Gev

¢  HighprWorZ

pY > 250 GeV

7

ATLAS
- 68% CL ---95% CL

| Linear (obs.)
Linear + quadratic (obs.)

o Best-fit (obs.)

Vs=13 TeV, 139 fo’
Boosted VH, H — bb
A=1TeV
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b-------- ® — Ty 1
-------- o @ - 1
b----- ® ety 1
----------------------------------- —i EREEEEEETEETEE
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-3 —2 ~1 0 1 2

3

Parameter value

Similar strategy as in the resolved analysis

Expected more sensitivity to EFT at higher

transverse momentum

Constraints not improved wrt. resolved

analysis
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arXiv:2004.03447

ATLAS: H—4l

B ! ! ]
51 ATLAS 7 ¢ Interpretation of STXS measurements
- Ho>ZZ*—4l . . .
4_ ]
- taTev, 1301 {  in the Warsaw basis
gf- ¢ Dam =002 4 * Main operators affecting the
- ""CaH=26 CHW:13 . -
o "' =04 Cuive = 0-7 = measurement are selected
1_?_,F .......... I ......................... I | Le 1+ Studies of the linear and quadratic
05_ I ! I | E terms as well as CP-even and CP-
b : odd operators
— B I I I I I I I I I I I ]

9%3 9%3 /}:e &%\) /k? A ‘,i/ \&99 b %. b QQ@& ‘%g@
X K s, s, o N T 7
4 O v S Y% ®
Particle-level production bin
CP-even CP-odd Impact on
CP-Odd Oper ators Only appear Operator  Structure Coeft. | Operator Structure Coeft. productIi)on decay
in the quadratic terms Our  HH'Gou,H e | Oun  HH'GpuH — ciy ttH :

Ouc HHIG;‘,,G“"A CHG Oy HHI%VG“VA Cyé ggF Yes
For several operators, Onw  HH'W,W*'  cpw | Oyy  HH'W, ,W*' cym | VBE,VH  Yes
i Ous HH'B, B"  cup | Oyg HH'B,,B" ¢y | VBF,VH  Yes
quadratic terms are relevant Onws  HH'T'WLB" cpywp | Oywy  HH'T'W. B® c, 0. | VBF,VH  Yes
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Normalised to SM acceptance

L)

ATLAS: H—4l

_l T T 7T | T T 1T | T T 17T | T T 17T | |||||||||||||||| B
T ATLAS Simulation ]
- H-ZZ*—4l —CP-even .
- f =13TeV CP-odd .
- Acceptance .

- ATLAS

—H 27z >4l

L Vs=13TeV, 139 fb™
- Best-fit p-value: 0.78

1T 17T | L | 1T 17T
+ Observed best-fit
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SM expected 95% CL
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0 5

Parametrisation of STXS production cross sections.
But 41 selection can be atfected by EFT operators.
Acceptance effects taken into account

»

4

Shown to be relevant.

Limits from 1-D fits, correlations studied through
2D fits.
Not trivial correlations between most of the

0
%*

parameter pairs
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HIG-19-005

CMS:H—4l

* Dedicated search for Higgs anomalous coupling
» 2in Htt couplings (magnitude and the phase, ttH and ggH combined)
» 21in ggH couplings: cg; and its CP-odd counterpart
» 5 anomalous couplings for HVYV, simplifications to conserve custodial sym.

A(HVV) = 1 a4 S R 7 + Ky (qvi+qv2)*| >

1 5 3 My, €y1€y7
(Ar") (a%")

1 #(1) ;4 1 *(1) 7s
+5 a;rvfm(/ )f @ 4 - a_l,/vf,“(, )f @)pv

R . . . R Channels Coupling Observed Expected Observed correlation
»  EFT interpretation using the Higgs basis
+0.0025 +0.0007
. CMS Prelimi 137 b1 (13 TeV H Csg 0.0056 039 0-0084 0 00a4 1
0:0 Matrlx element _l T {‘ellmlrllalryl T T T TG T |. (S ° ) 20 gg Egg _000581_888;1 OOOOOtggggg +0980 1
1t +b st‘- 18 T K 1.06+014 1.00102 1
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N o/ N | dc: —0.257027 0.00793% 1
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Ratio to SM

ATLAS-CONF-2019-029

ATLAS: H—yy

2—""."'."'.'.""""""— ;Al'l'll_Aslﬁrlelilrﬁir;a'ryH'IHHIHHIHH
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Parameter value

EFT interpretation from differential cross sections using Warsaw and SILH bases
Introduced CP-odd observables to constrain CP-odd operators at interference level
Operators studied are the ones modifying mainly ggH and the H-> yy decay.

Limits from 1-D fits 1 1

T
- - -1 (= -
L =———exp (__ (o'data - 0'pred) C (O'data - o'pred)) ’

\/(2n)" C|
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Ratio to SM

ATLAS-CONF-2019-029

ATLAS: H—yy
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HIG-19-005

CMS: Higgs Combination
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Combined measurements of the production

and decay rates of the Higgs boson and its

couplings to vector bosons and fermions

Interpretation in the HEL Lagrangian

» SILH basis with flavour universality

Signal strength values reparametrized in

terms of EFT coefficients.

Only interference term considered

» CP-even terms not tightly constrained by
other data

Acceptance effects not taken into account

Limits from simultaneous likelihood fits in

the chosen parameters.

» Significant differences in the constraints
compared to 1-D fits


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-005/index.html

Summary

Many different precision measurements used to constrain BSM effects in terms of

EFT or anomalous couplings presented.

» Several differences in the methodology but all of them tending to include an
EFT interpretation taking into account dim-6 operators (not for aQGCs)

No deviations from the SM found in the analyses

» Constraints of parameters improved significantly wrt. previous measurements
in the EW measurements

» More difficult to compare in the Higgs case

Operators or effects to constrain typically chosen a priori based on symmetries,

previous constraints etc...

» But EFT parameter space shows large correlations in general and different
assumptions considered between different analyses/experiments

25



THANKS!



BACK UP



BSM searches

Overview of CMS EXO results

CMS preliminary

36-140 fb~1 (8,13 Tev)

String resonance M 1912.12238; 1604.08907 (2j) 137 b1
Zy resonance M O 035-4 171203143 (2p+ 1y;2e + 1y; 25 + 1y) 36 bt
Higgs y resonance M O 072-325 1808.01257 (1j + 1y) 36 fb!
Color Octect Scalar, k¥ =1/2 M 0530 1912.12238; 1604.08907 (2j) 137 fb !
Scalar Diquark M 5271511 191 2.122.38; 1604.08907 (2j) 137b!
tt+¢, pseudoscalar (scalar), g, x BR($-2!) > =0.03(0.004) M 1911.04968 (3¢, = 4f) 137 fb !
tt+¢, pseudoscalar (scalar), g2, x BR($-21) > =0.03(0.04) " 1911.04968 (34, = 4f) 137 fb!
quark compositeness (g4), Nuga =1 N 1803.0803 (2j) 36 fb!
quark compasiteness (1), niss =1 N 181210443 (20) 36 fb~!
quark compasiteness (qg), s = -1 N 1803.0803 (2j) 36 bt
quark compasiteness (1), nuss= -1 Nom 181210443 (20) 36 fb~!
Excited Lepton Contact Interaction M 0125161 2001.04521 (2e +2j) 77 b1
Excited Lepton Contact Interaction M 025 200104521 (20 4 2)) 77fb7!
(axiak-)vector mediator (xx), 9a=0.25, gom =1, my=1GeV M 1712.02345 (= 1j + E7=%) 36 fb!
(axiak)vector mediator (94), g =0.25.gou =1, m; =1 GeV M 1012.12238; 1604.08907 (2j) 137 fb !
scalar mediator (+t/tf), gy = 1. gou = 1.m, =1 GeV " 1901.01553 (0, 1f + =3j+ET=%) 36 fb!
pseudoscalar mediator (+4tH), 9q=1.gou= 1 my =1 GeV M 1901.01553 (0, 1f + =3j + ET™%) 36 fb!
scalar mediator (fermion portal), Au=1,my =1 GeV M 171202345 ( = 1j + EF=) 36 b
complex sc. med. (dark QCD), My = 5 GeV, €Ty = 25 mm " 1810.10069 (4j) 36 fb!
BaryonicZ', gq=0.25,gou= 1, my =1 GeV M 1908.01713 (h + EF=%) 36 fb!
Z'— 2HDM, gz = 0.8, gom = 1, tanB = 1,m, = 100 GeV » 1908.01713 (h + EF=%) 36 b~
Vector resonance, gq=0.25, gou =1,my=1GeV M [ 035-07  1911.03761(=3j) 18 fb~!
Leptoquark mediator, 8 =1, B=0.1, Ax o =0.1, BOD <Mip <1500 GeV ¢ [ 03-06 181110151(1p+1j+EPT) 77 b1
RPV stop to 4 quarks M T 008=01521]  1808.03124 (2j; 4j) 36!
RPV squark to 4 quarks M o =072y 1806.01058 (2)) 38fb7!
RPV gluino to 4 quarks M o= 1806.01058 (2§) 38 bt
RPV gluinos to 3 quarks M 1810.10092 (6j) 36 bt
ADD (jj) HLZ, neo =3 » 1803.0803 (2j) 36 fb!
ADD (yy, #) HLZ, neo=3 u 181210443 (2y, 21) 36 fb!
ADD Grx emission, n=2 M 171202345 (= 1j + E7%) 36 fb!
ADD QBH (jj), neo =6 - 1803.0803 (2j) 36 fb~!
ADD QBH (ep), neo =6 M 1802.01122 (ep) 36 fb!
RS Grxlyy), kil =0.1 - 1809.00327 (2y) 36 fb!
RS QBH (jj), neo =1 a 1803.0803 (2j) 36 fb~!
RS QBH (ep), neo =1 M 1802.01122 (ep) 36 fb~!
non-rotating BH, Mo = 4 TeV, nzo = 6 M 1805.06013 ( = 7j(L, y)) 36 fb!
splitUED, p =4 TeV R o =20) 1803.11133 (£ + E7=) 36 fb!
RS Gix(9d. 99). ki = 0.1 M 05 =2061 1912.12238; 1604.08907 (2j) 137 fo~!
excited light quark (qy), fs=f=f=1A=m; M 1711.04652 (y +j) 36 fb!
excited b quark, fs=f=f =1A=m_ M PIENEN 171104652 (y +j) 36 fb~!
excited light quark (gg), A=m M 0I5 =6 1912.12238; 1604.08907 (2j) 137 fb7!
excited electron, fs =f=f=1,A=m_ M 0 25=31g) 1811.03052 (y + 2e) 36!
excited muon, fy = f=f =1, A=m; M 025 =380 1811.03052 (v +2¢) 36 bt
. WISM, [Vey[2 = 1.8, Vw2 =1.8 M <12  1802.02965 (3f(p,e)) 36 fb~!
WISM, VeV [/(Verdl? + Vi) = 1.0 M 002-16 1806.10905 (21, = 1j) 36 !
ig Type-lil seesaw heavy fermions, Flavor-democratic M <0.88 191104968 (3, = 4f) 137 fb!
Vector like taus, Doublet M 0.12-079  1905.10853 (3¢, = 44,21, =17) 77 bt
scalar LQ (pair prod.), coupling to 1% gen. fermions, g =1 M <144 181101197 (2e +2j) 36 fb!
scalar LQ (pair prod.), coupling to 1% gen. fermions, 8 =05 M <127 1811.01197 (2e +2j; e + 2j + EJ'=) 36 fb!
scalar LQ (pair prod.), coupling to 2™ gen. fermions, =1 M <153 1808.05082 (24 + 2j) 36 fb!
scalar LQ (pair prod.), coupling to 2 gen. fermions, M 08-15 181110151 (1p+ 1j+EF=) 77 fb!
scalar LQ (pair prod.), coupling to 2 gen. fermions, B=0.5 M <120 1808.05082 (2u + 2j; u +2j + E7™) 36 fb!
scalar LQ (pair prod.), coupling to 3™ gen. fermions, g =1 " <102 181100806 (27 + 2j) 36 fb!
scalar LQ (single prod.), coup. to 3@ gen. ferm., 8 =1,A=1 M <074  1806.03472 (2t +b) 36 fb!
Zo, namow resonance | ooms—oors 1912.04776 (2p) 137 fb~!
Zo, namow resonance M 1912.04776 (2p) 137 fb!
ssMz' M EX0-19-019 (2e, 2p) 140 fb~!
SSMZ'(q4) M 05 =291 1912.12238; 1604.08907 (2j) 137 fo7!
Zqq) s 001-0125 1905.10331 (1j, 1y) 36 fb~!
Superstring Z, M 0246 | EX0-19-010 (26, 2) 140 fb!
LFV Z, BR(ep) = 10% M i 2= 1802.011. 22 () 36 b1
Leptophabic Z' M S o0s=045"  1909.04114 (2)) 78b7!
SSMW'(tv) M I 0a=5.20 1803.11133 (£ + EFF) 36 bt
SSMW/(tv) M = 1807.11421 (v + E7=) 36 fo~!
SSMW'(9g) M 05306 1912.12238; 1604.08907 (2j) 137 fb !
LRSM Wa(tNe), M =0.5Mu; N 1803.11116 (2f + 2j) 36 fb!
LRSM W=l TNz), My, = 0.5Mu, M 1811.00806 (27 + 2j) 36 fb!
Axigluon, Coloron, cotd =1 M s =661 1912.12238; 1604.08907 (2j) 137 fb !
L . L
01 2 8 10 10.0
LHCP 2020

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).

mass scale [TeV]



Relations between a1l GCs and EFT
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Vertex function approach

|4
MY = f(a— "9 — 55 (g — 9"P*P° + f (P°g"" — PPg")
W
+ify (P*g" + PPg"®) +ifs e (q - @),

—fd PP, — m—%v(q — 9)"e*" P,(q — @),

Momentum-space analogue of the Lagrangian approach

P, q,7q are the four-momenta of V, W-, W, respectively.
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Simplified template cross sections

* The Simplified Template Cross-Section (STXS) measurements, which are the most common type of the
results in ATLAS and CMS, are often used to probe the Higgs boson couplings.

* The advantage of STXS measurements are the following:
% Maximizing experimental sensitivity
<= Isolation of possible BSM effects

== Not fully fiducial

=% Minimizing the theoretical uncertainties
<= Suitable for global combinations
== No Higgs decay information

* The STXS measurements are performed in two steps:

* The Stage 0 bin definitions essentially correspond to the production mode measurements.
e The Stage 1 brings additional bins based on kinematics.

|
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|

_ — VBF+V(—qq)H

pa 200, 0]

= 0-jet = 1-jet

= 0-jet = 1-jet > 2-jet

mj; [0 350]
i E

O:ZJet 252 Sjetoo H]

mjj [350 0]

.oo

_2Jet 25 ~3]el

[ ]
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|
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o0 1000
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|
m_,-j [350 OO]
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~2Jel 25 23191

 The goal is that the full granularity should become accessible in the comblnatlon of aII decay

channels.
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Warsaw basis

X3 <"96 and (/94D2 ,(/}2993
Qc | fAPCGGIGSH | Q, (¢lp)’ Qey (¢'e)(lperp)
& | fABCGIGEGSE | Qun (¢Te)O(ef) Qup (¢T0)(Gpur?)
Qw EIJKW;{V‘/V&JPVV;)KM Qc,oD (‘PTD#‘P)* (@TDM(P) Qdc,o (99199)(de7‘99)
o 81J1(’WIVWJpWKu
p e Mhp
X2992 sz(P ¢2992D
_ ’ < _
Qo | #leGLa™ | Quv | oe)T WL, || QY | (p1iD, ) @7"1,)
~ i (’jA (A I hv B (3) 1 DI o\ (L Ii]
Q. Pl Qe (lpo"er) By, Qul | (@D, )T A",)
~ .H —
Qt,oW @ CPVVI Wi Quc (QpUWTAU'r)‘P GA nge (WTzDu 99)( p'Y“er)
’ <>
Quw | PeWLWI | Quy | (o™ u)T WL, | Qb | (¢'iD,¢)(@7"e)
<
Qch 99199 BuuBm/ QuB (Qpawjur)‘i? B;w £a3q) (‘PTi D;{ ©) ( _pTI'\/#qr)
~ A
Qwé f‘P BLU/BNV Qac (‘jpauuTAdr)S‘Q Gﬁu Qc,ou (‘PT?:DM ‘/9) (ap7“ur)
<> _
Qewp | T W], B Qaw | (pod,) "W, | Qua | (¢'iD,¢)(dyy*d,)
Quivn | ™ eWLB | Qus | (40"d)eBuw | Q| #(FDue)(@n"d,)

Table 2: Dimension-six operators other than the four-fermion ones.
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SILH basis

AL(G) = AESILH + ALcc + ALdipole + AACV + +A£41,b

16 operators
(12 CP even, 4 CP odd)

SILH operators

Bosonic CP-even

Bosonic CP-odd

Giudice, Grojean, Pomarol, Rattazzi JHEP 0706 (2007) 045
CH cr L g Cg A 3
ALsiin =% 0" (H'H) 0, (H'H) + 5 (0 DA ) (11D uh) - 7 (11 1)

(g HH G Houp + <y H H g Hd + &y H'H L Hlg + h.c.
v2 v2 v2

icw g t i v i icgyg
. (1o ﬁH) (D" W) + 57

(H*EzH) (8 Bo)

- i . >= /
+ zc:,;v 9 (D*H)'o' (D" H)W;, + 'c,';f . (D"H)"(D"H)B,,

w w

— 42 ~ 9
+ 2 H'HB,,B" + 5 HHGE, G

My, My
ic ) - . ic / -
+ L (D H) 0 (D H)W, + g (D*H) (D" H) B,
14% w

~ 12 _ ~ 2 _
+ 99 H'HB,, B + 295 H HGE, G
My My
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On 2 [0u(HH)]®

Or T (H*B:HY

Oc - (HH)

0, 2 H'H G;, Gy, 0, % H'HG:,Go,
0, ﬁ?}HtH BBy 0, 'mg"‘;'t‘HiH B,.B,.
Ow | ke (H*U‘B:H) DWi,

Os | 7% (H'D.H)OBuW | -
Onw ;:-g‘- (D H'e'D,H) W}, Onw | mi- (DuH'a'D,H) W},

Ons | % (DuH'D,H) By, Onp | 7% (DH'D,H)B,,
O2w DWW, D, W,

Oz i ,B,.,0,B,,

Oz mr-DuG}, DGy, B S
Oaw -”1"%— TR W ,:‘, Wl W :“ (23“' 'n’;“;':_ * “:;:v Wi, W:#
O | drwonae, 00| I

Table 1: Bosonic D=6 operators in the SILH basis.



Higgs basis

* Inits gauge invariant definition

—-L(HtH)a,

402}1111 G, GY,

1 2 3\
= [3,,(1-11]-1)] - ﬁ(H'[H):;'i‘ (Z \/_mf-H‘?HfL‘HfR‘_*_hc) ,
f
ig° s 2/
g f ot O i
22(g2 — ¢2) (H o B;H) D,W,, T (H H,)H) 8y By

19(g> +9%) (i s i ig(g® +9) (o
22— (1 Ditt) DLW — 5 (g gy (41 D) 0B

(D Hig'D H) Wi, — 1 (D H'D H) By,

‘U2

2igq’? t i ' 2ig’g” t
- (Dut'o D,,H) Wi + 37t o o (D,,H D,H) By,

igg' (HtaiS;H) D, “’;iv + ig" (HfB:H) v B

~2%(g' - g') 2v%(g" — ¢'%)
igg'* b o 197 (28° + ¢") .
e 9,2)2 (D,,H o D,,H) Wi + Tz ayeus (D,,H D,,H) By,
\ /2m;, :
! L H fp H fr +hec.,
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HIGG-2018-50

ATLAS: H—bb (resolved

é § ATLAS VH, H_sbb, V_sleptons cross-sections: E Coefficient Expected interval Observed interval
N  {5=13 TeV, 79.8 fb" ® Observed ==Tot. unc. ==Stat. unc. | Results at 68% confidence level
Q@ 3| = SM [T Theo. unc. ) CHW [-0.003, 0.002] [-0.001, 0.004]
@ 10°E i = _(interference only _ [-0.002,0.003] ______[-0.001,0005)
X — V=W | V=2 . CHB [-0.066, 0.013]  [-0.078, —0.055] U [0.005, 0.019]
8 f l - __(interference only _ [-0.016,0016] ______[-0.005,0.030)
Q 102 & : T —= Cw — CB [-0.006, 0.005] [-0.002, 0.007]
X = : 3 (interference only  [-0.005, 0.005] [-0.002, 0.008])
_ - T 1 0 eyl e Y e )
o) = | : - 7] Cd [-1.5,0.3] [-1.6,-0.9] U [-0.3, 0.4]
_ : — (interference only [-0.4, 0.4] [-0.2,0.7])
10 & I —=
= ” : ﬁ = Results at 95% confidence level
~ - : T CHW [-0.018, 0.004] [-0.019,-0.010] I [-0.005, 0.006]
s ' ‘ I — __(interference only _ [-0.005,0.005] _ __ ___[£0.003,0.008]))
0 9 _ < _— : T _ CHB [-0.078, 0.024] [-0.090, 0.032]
2 L + * T | __(interference only _ [-0.033,0.033] __ _[-0.022,0.049])
2 R * = : - v i Cw — Cg [-0.034,0.008] [-0.036,—0.024] [J [-0.009, 0.010]
Y - : = - (interference only  [~0.009, 0.010] [~0.006, 0.014])
150 pw 75, 150 [N a0 [-1.7,051 [-1.9,071
<pWw T 250 P2 <02 T2 50 ] ’ ’
<l G r~15 <2 Ge (interference onl [-0.8, 0.8] [-0.6, 1.1]
T SOGeV el OGel/ r SOGeV v y )

* EFT interpretation of simplified template cross sections measurements (80/ fb)
* Results obtained using the SILH basis
# 1-dimensional fit to each of the operators assuming that the others vanish
» Effect of the inclusion of quadratic terms are shown to be relevant for most of the

operators
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-50/

K/
L. %4

HIG-20-006

CMS: H—tt

CMS Simulation Preliminary 13 TeV
:l T TT | T T 1T | T T T I T T | 1T TT | T T T I T T T I i CMS Preliminary 137 f‘b—l (13 TeV) CMS Prellmlnary 137 fb (1 3 TeV)
0 1_ —CPeven—CPodd_ 2_ LA L B L B B B L B B B L B B B ] —_25 12__ T L T T T T I |_
i 20 —CPmix —Z ] [ : SBMt G — 8240 g% 1|1 - pp + TP + Up + Data —Bkg.
" ki N - esthi ° 1 |- I " Bkg. uncert. ]
- . - = 99.7%CL q [H20 N N
0.08 = 1 1 | - 1 —¢,.=0 ]
- - 0.8— ° —
L _ I~ N \— e = 90 ]
B - — 15 ?20 B . q)TT _I_:
0.06 1 of 10 £t E
109 04T D S —
L — I'= r(KT/ 7%1) i 5 - — ]
- - 0_ B—
0.02+ — i | KiIZLKi:O|Vi7éT i E E
[ — _2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 _02_ L L L L L L L
i ’C’C Ny p: >33 GeV ] —2 -1 0 1 2 0 5 00 50 200 250 300 50
........ Lol bt by | Kt q)CP(degrees)
0 50 100 150 200 25(%d 300 35)0 H ff
egrees m. )
Ly =———(KTT+ K, TiYysT). tan(¢.) = —
A% r

Analysis of the CP-structure of the Yukawa H—1tt couplings

“ Both t hadronically decaying or one leptonic and one hadronic decay

No EFT formalism but extend the t Yukawa sector with a CP-odd coupling

Using ggH and VBF production modes and extracting the CP-mixing angle from a
simultaneous fit to data

Statistically limited. Observed value of CI)3%p =0 £ 23 degrees at 68% C.L.


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-006/index.html

Eboli basis

a.  Operators containing just D, ®
The two independent operators in this class are

Lso [(D,@)*D,,cb] x [(D#@)f D”(I)] (A5)

L1 = [(D,}b)"D"fb] x [(D,,«b)* D"cb] (A6)

b.  Operators containing D,® and field strength

The operators in this class are:

Laro = Tr [W,,,,Ww] x [(Dﬁ@)T D%] (A7)
Loy = Tr [w,,uww] x [(ng>)* D"<I>] (A8)
Lz = [BuwB™] x |(Ds2) D ] (A9)
Las = [BuB*] x [(Dg«b)* D“@] (A10)
Lus = |(D,@) W, D] x B* (A11)
Lars = '(D#Q)TWBVD”<I>] x B (A12)
Lyg = -(D,,‘I))TWB,,W’”D“(I)] (A13)
Lair = '(D,,cp)*Wg,,Wﬁ#D%] (A14)
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Eboli basis

Te (W, W] x Tr [W,sWe?]
Tr (W, W | x Tr [W, 5]
T [W, 78] T [/ 72
Tr W, WHTi7e| x By,

Tr W, Weri®| x B,

Tv (W, W] x BysB*®

Tr [W,, W8] x B,sB*

Tr W, W*| x Bs,B"

By, B B3 B
B,,B"’Bg,B"*
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