Constraints on effective Lagrangians
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The SM effective field theory

The SMEFT is a general framework for describing non-SM interactions at a high scale
It assumes the low (electroweak) scale is governed by the SM

\4
.

Expand in orders of the new-physics scale: [de(d < TeV-1) = A5/ Anp + As / ANP? + ...

do(exp) = d6(SM) + do(d < TeV-1)

The leading lepton-number-conserving term is As / AnpP?
Due to interference between SM and short-distance amplitudes: 4 1(SM)Z(d < TeV-1)

Higher-scale interactions are increasingly sensitive to higher-order terms in 1/Anp"



Effective Lagrangians

We can calculate the leading new-physics contributions using an operator basis

[do(d < TeV-1) = As/ Anp + As / ANP? + ...
As = 2¢i, Where c; are coefficients of effective (dimension-6) Lagrangian operators

The complete basis of operators is large (59 + h.c. at this order)
2499 parameters for full flavour generality

Individual measurements constrain Effective Lagrangians
Effective Lagrangians add a few relevant operators to the Lagrangian

Effective Lagrangians typically built from SMEFT operators using the leading citerms
A first step towards constraining the complete basis set with combined measurements

g — gSM + Z Ci@6i/A]2\7P



Constraints on Higgs couplings

Higgs-boson measurements used to constrain operators with Higgs fields

Example operator set from the strongly-interacting light Higgs (SILH) basis:

. . . SILH:
Operator | Expression HEL cozeﬁicmnt Vertices Contino, Ghezzi, Grojean,
O, |H|>?GA, G cG="We Hgg Mdihlleitner, & Spira
nv g2 8
, g JHEP 07 (2013) 035
O, |H|* B, B* cA = g—YZVC), Hyy,HZZ
0, yu|H|? i Hug+ h.c. cu = v?¢, Hit
2
Onw i (D“H)" o (DYH)WS, | cHil = mTW ‘uw | HWW,HZZ
2
Ous i (D"H)" (D”H) B, CHB = ’"gV,V ‘ug | HZZ
2
Ow i (HTo“DHH) D"Wg, | ¢l = =%éw | HWW,HZZ ATLAS
Os i (H D*H) 8" B,,, B = W;%v a8 H77 ATL-PHYS-PUB-2017-018

Here the impact on cross sections is determined using the ‘HEL’ FeynRules implementation

HEL: Impact on STXS:
Alloul, Fuks, & Sanz CH, Sanz, & Zemaityte
5 JHEP 04 (2014) 110 LHCHXSWG-INT-2017-001



Constraints on Higgs couplings

Three approaches to constraints:

1 Relate model-independent unfolded differential cross sections to operator coefficients
Model-independent measurements minimise assumptions in the relation

2 Relate exclusive cross sections (STXS) to operator coefficients
Acceptance corrections in measurements are derived from the SM

3 Optimize for individual operator coefficients
Results are confined to the specific Effective Lagrangian

Recent examples: Channel Approach
Hoyy ' 1 ATLAS, PRD 98 (2018) 052005
Hos st 3 ATLAS, JHEP 03 (2018) 095
""""""""" Howw 3 CMS, PLB 775 (2017) 1
"""" Hoyy+Hom - 2 ATLAS, ATL-PHYS-PUB-2017-018
H—bb o ATLAS, ATLAS-CONF-2018-053



Ratio to SM

H—yy unfolded measurements

ATLAS measures five unfolded distributions in H—yy decay channel

Dimension-6 ggH coefficient cG shows little kinematic dependence (Q2 = mn2)
VVH coefficient cHW shows substantial dependence due to associated production
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H—yy unfolded measurements

Cross sections calculated with the Effective Lagrangian include | (d < TeV-1)|2
These terms provide sensitivity to CP-odd operators from CP-even measurements

The CP-even interference term provides discrimination between CP-even and CP-odd
operators in an Effective Lagrangian with these dimension-6 operators

H — vy, s =13 TeV, 36.1 fb”, m_ = 125.09 GeV
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H->/#/ measurements

ATLAS measures a set of simplified template cross sections using multiple event categories
A fit to the event categories constrains coefficients of an Effective Lagrangian

Production bins Reduced Reconstructed event categories
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The operators of the Higgs Characterization
Lagrangian can be expressed in terms of
those of a dimension-6 basis (with some
redundancy)
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H->/#/ measurements

ATLAS constrains up to three parameters simultaneously
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H->/#/ measurements

CMS uses multivariate discriminants to constrain parameters of a scattering amplitude

Category VBF-jet VH-jet Untagged
Target qq'VV — qq'H — (jj) (4¢£) qq — VH — (jj)(4¢) H— 4¢
Selection Dy or DE’E’BSM >0.5 D3je; OF ngiiBSM of not VBF-jet KWq2 4,V q2
DYH or DYHEM > 0.5 not VH-jet AHVV) ~ | a¥V + - (] W)22 2 | mi €5 €,
A
1
VBF+d VBF VH+d VH d d
fa3 obs. Dhyg, DyBFFdec DVE Diyg, Dybtdec DY Drkg, Doy Dep- n an*(l)f*(z)’“” 4 an*(l)f*(z)’“v
2 Juy 3 Juv

faa obs. Doig. Doy Dt Doig. Dgyy *“, Dt Dokg: Dgiy» Dint
fa1 obs. Dbkg1 DX%F—I—dec’ D?)/fl?_l?dec ,Dbkg’ IDXﬁH—dec. Dg’llij—dec Dbkgv D({:l\e]c' ID(C)IE:—

Zy Zy ,VBF+dec VBF-+d Zy ,VH+dec VH+d Zy ,dec d
fi1 obs. Doig: D Doy Do Dyt Doyl DPoig Dyt Doy CMS, PLB 775 (2017) 1

2

L(HVV) ~ 1 THZVZPI — WmZHZVDZV — EQQHZVVZPW — Eag,HZWZW

1
WW__ 2 Hw+yw— -2 H WWW—Dw—i—]J WWW+Dw—V .
o NN ("W, TR ) Amplitude can be related to
— a"WHWW,, — a VHW W parameters of an effective Lagrangian
Zry
2 miHZ,9,F" — a2"HF"Z,, — a"HF"Z,, — L HE"F,, — 1az,“,”HFW?W

CMS, PRD 92 (2015) 012004
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H->/#/ measurements
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H—yy and H—=>#4 combination

ATLAS combines the measurements from multiple event categories
Categories are combined into STXS to constrain six coefficients of an Effective Lagrangian

Observed HEL constraints with H— ZZ* and H — yy

I-{ — Y - H— 77" - 4¢
ttH+tH leptonic (two tHX and one ttH categories) TH

ttH+tH hadronic (two tHX and four BDT #zH categories) VH leptonic
VH dilepton ' 2-jet VH

VH one-lepton, p?ET' > 150 GeV

VH one-lepton, p{TerET <150 GeV
VH EXSS, ETSS > 150 GeV
VH EDSS, EXiS <150 GeV

2-jet VBF, pf' > 200 GeV
2-jet VBF, p! <200 GeV
1-jet ggF, pf‘r > 120 GeV
T 1-jet ggF, 60 GeV<p! <120 GeV
VH+VBFpl!> 200 Gev 1-jet ggF, p1‘ <60 GeV

V H hadronic (BDT tight and loose categories) 0-jet ggF

VBF, p%yj /> 25 GeV(BDT tight and loose categories)

VBF, p?j 7<25 GeV(BDT tight and loose categories)

ggF 2-jet, p:yryz 200 GeV

ggF 2-jet, 120 GeV< pl”'<200 GeV

ggF 2-jet, 60 GeV< p)’ <120 GeV

ggF 2-jet, pX’ < 60 GeV

goF 1-jet, p?z 200 GeV

ggF 1-jet, 120 GeV< p¥'<200 GeV

ggF 1-jet, 60 GeV< p)’ <120 GeV

ggF 1-jet, pY”'< 60 GeV

ggF 0O-jet (central and forward categories)

ATLAS, ATL-PHYS-PUB-2017-018
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H—bb measurements

ATLAS measures a set of simplified template cross sections using multiple event categories
A fit to the STXS measurements constrains coefficients of an Effective Lagrangian

— - = s o 4r ; ; — .
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constrained CHB [-0.069, —0.036]J[=0.026, 0.013]  [~0.082, —0.057] U [0.002, 0.017] D. Schaefer
|nd|v|dua||y Cw — CB [-0.0060, 0.0045] [-0.0020, 0.0065]
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Electroweak measurements

Measurements of gauge boson production sensitive to operators affecting Higgs physics
Higgs doublet provides longitudinal degrees of freedom to the electroweak bosons

Traditionally constrain triple-gauge couplings with an effective Lagrangian with form factors
Can relate coefficients to those of dimension-6 operators from an SMEFT basis

} _ _ _ T puv
lﬁngV =gWWwWYV :[gYV’u(WMVW—H) — W:UW ) Op = (DMH) B""D,H,
Ow = (D, H)'W"'D,H,
4 Kk W+W_V“U+A—VVMVW+pW_:| H
Y m%, vooPR > Owww = TI‘[WMVW;;W’OM],
K X7 LV
_ [TVWJWJGWUVPG Oy = (D,H) W*D,H,
= 3 _ V17 PM
AV e b vpa Opww = TrlWyu, W, WET],
-+ W WHe PPy,
2 PRV af |- cw 2
Tw =5 - D,
myz
CB_ (Z_l)_#(/( _1)
A% tan? Gym’, o sin? Oywm?, g ’
CWWW _ 2 Ay
A2 3gZm3,
Gy ___ 2
A2 tan? Owmsy, £
Cyww 2 v,

2T 2522
A 3gemyy
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Electroweak measurements

Many diboson and vector-boson fusion measurements constrain triple-gauge couplings
Constraints typically extracted from fits to reconstruction-level distributions
Fiducial and differential measurements also provided for external fits
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Electroweak measurements

Experiments now quote TGC constraints in terms of SMEFT coefficients
Most recently in measurements of vector-boson fusion W/Z production

> I I I I T 3
3 ATLAS Vs=8TeV,20.2fb" 3
E 102 Wijj signal region ® Data ) =
= B EW Wjj 3
z B QCD Wjj B
10 = Top quarks E
- B Multijets =
15 Zjj and dibosons
- X% Uncertainty 3
(a) Vector boson fusion (b) W bremsstrahlung (¢) Non-resonant 10 E =
107 &
8TeV -
10° &
SM prediction Data =
High-g? region  Mj; > 1 TeV, N&o = 1 NS =0, pf! > 600 GeV 39 30 S 15
0
g 1
> > a 05 .
Parameter Expected (TeV ™) Observed (TeV ™) g 500 1000 1500 2000 2500 3000 3500 4000 KrAS(%OG 5\/0]00
a j 1€
cy [—39, 37] [—33, 30]
% [—200, 190] [—170, 160]
CWIWW [—16, 13] [—13,9]
A ATLAS, EPJC 77 (2017) 474
A—Vg [—720, 720] [—580, 580]
L [—14, 14] [—11,11]
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Electroweak measurements

Experiments now quote TGC constraints in terms of SMEFT coefficients
Most recently in measurements of vector-boson fusion W/Z production

Coupling constant | Expected 95% CL interval (TeV~2) | Observed 95% CL interval (TeV ~2)

- [—3.7,3.6] [—2.6,2.6]
cw/ A2 [—12.6,14.7] [—8.4,10.1]

CMS, 1712.09814 (2017)
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q>-) 10 cWWW/2A2 =6 Te\_/:_g q>'> cWWW/2A2 =6 Te\_/:
Lu -------- c,/A“=20TeV* Lu c,/A“=20TeV
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10 g
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s 0.2 E ", u scale up/do e \.k = s O,g e S ) _???TE‘_,:\,_.&F&W\“M: . - Obgerved 95% CL
= 0.5F" T - NN =~ 0.5E" ““%‘““‘\\\“‘“\‘ﬁgﬁ‘ I I I I I | I I I I I
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Top quark measurements

Top quark production sensitive to many dimension-6 operators
In a global analysis the production operators need to be constrained to access ttH operator

Representative set of
operators affecting tt & tW
production (Warsaw basis):

O = (9" T'Dug) (g7 'q),

Ow = (q0"'T't)pWy,,
O = (q0MA1)G,
O¢ = fABCG;?VGEPGSy,
Ouic = (Go"A)¢Gi,

CMS, CMS PAS TOP-17-020 (2017)
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Top quark measurements

CMS constrains six operator coefficients by

fitting to signal regions in tt and tW production

Three operators sensitive to flavour

| Eff. coupling | Channel | Observed | Expected |

ee —0.14703, [-1.14,0.83] | 0.00M05, [—1.20, 0.88]

Ce ey —0.187022[-1.01,0.70] | 0. 00+8 g; [-1.08,0.77]
up —0.147072 [-1.06,0.75] | 0.007037 [-1.16,0.85]

Combined | —0.181973 [-1.01,0.70] | 0.00703; [-1.07,0.76]

ee 1.121¢ ngS[g 4.03 ,4.37] 0. oo% %1 [—6.40, 3.27]

c® eu —0.70757, [-3.74,1.61] | 0.00%73; [—2.57,2.15]
q up 1.137386 [-3.58 , 4.46] 0.001755 [—4.68 , 3.66]
Combined | —1.52-93% [-3.82,0.63] | 0.0070-88 [-2.04, 1.63]

ee 6.18%% [—4.16, 8.95] 0. 00*2 % [—3.33,8.12]

Co e 1.6475°0 [—1.89, 6.68] 0.007430 [—2.39, 7.18]
up —1.40275[-4.23,9.01] | 0.00757% [-3.63, 8.42]

Combined | 2.381557 [—0.96 , 5.74] 0.001333 [-1.91, 6.70]

ce —0.1970455 [0.65,0.22] | 0.00703) [—0.44 ,0.41]

Cro ep —0.037075 [—0.34,0.27] | 0.00M075[—0.34,0.29]
up —0.157992 [-0.53,0.19] | 0.00%315 [—0.40, 0.35]

Combined | —0.13%992[-0.41,0.17] | 0.007313 [0.30, 0.28]

ce —0.017}%;% [-0.37,037] | 0. ooig éé [—0.42,0.42]

Co ey —0.01770171-0.29,029 ] | 0.00792¢ [-0.38 , 0.38]
up —0.017017[—0.29,0.29 ] | 0.00%937 [—0.38 , 0.38]

Combined | —0.0177913 [-0.22,0.22] | 0.007)31 [-0.30, 0.30]

ee —0.0321047[—0.78,0.78 ] | 0.0070%5 [-0.92,0.92]

Coc ep —0.032103; [-0.60,0.60 ] | 0.00%92° [—0.81, 0.81]
up —0.032103¢ [—0.63,0.63 ] | 0.007028 [—0.84,0.84]

Combined | —0.032702° [—0.46 ,0.46 ] | 0.00703¢ [—0.65, 0.65]

. Categories
Eff. coupling | Channel 1-jet,0-tag | 1-jet,1-tag | 2-jets,1-tag | n-jets,1-tag | >2-jets,2-tags
ee - Yield Yield - Yield
Cg ey Yield Yield Yield - Yield
Uu - Yield Yield - Yield
ee - NN11 NNzl - Yield
i), Cow, Cig | ept NN NNy NN, ; Yield
24 - NN NNy, - Yield
ee - - - NNFCNC -
Cuc, CeG ep - - - NNErene -
HH - - - NNrene -
_ -1
CMS Preliminary 35.9 fb™ (13 TeV)
I I I ' I I I | I I I | I I I | I I I | I I I | I | I
- $ Obs. Bestfit A — 1 TeV B
[ 68% Obs.
[ ] 95% Obs. _
| 95% Obs. (theory sys) :
Co |
Cow | i |
C,cx10 | _ |
Co | T |
C,x10 |
Cuox10 B T
| | | I | | I | | | | | | | | | | | | I | | | | |
-8 —6 -4 -2 0 2 4 6 8
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Top quark measurements

ATLAS individually constrains four operator coefficients by fitting to signal regions in ttZ production

&
Process tt decay Boson decay Channel
(¢*vb)(qgb) *v SS dilepton
W by (EFvb) £y Trilepton
77 (qqb)(qgb) A OS dilepton
(¢*vb)(qgb) e Trilepton
(E£vb)(L¥vb) e Tetralepton
Operator EXPI'CSSiOIl
G) | Lo st T NGt
0,0 | i3(¢"D,#) 0y 0)
(1) 1t 3
0,0 | i3(¢"Due)(Qy*0)
—
.1 —
Oy i3(¢" Dug)(FyHt)
Ow | yigw( QoI t)gW],
OtB yth(QO-ﬂvt)¢B,uv

10°

102

10

1.5

0.5

| ATLAS Preliminary e Data
= {s=13TeV, 36.1 b — %V
- (post-fit) - tWZ

mm Fake Leptons
7/, Uncertainty

;z/-//‘//-f////—///y-/////—////%t/////////A//////y-ﬁ//,c-ﬁﬁZ

R R 3
LZ“7b4/- LZ‘2b4/- L

> S . 3L
2oy 702254 “Hzp

103 TT T T [T T T T [T T T T [T T T T [T T T T [T T T T [T T T T[T T T T[T T T T[T 1711

[2]) [~
P AR a2 =y
T A . zz B W2
- [ Other Il Fake L/eptons
102 = 77 Uncertainty
10
;

s 15[ . . . . —
& 1Zéf/%/if//%///////j/////f/////f///%/////// e ey
s 05 : : : :
A 9. . U 9. 9L
° R Srgp  TORy Orgy T Rcq

Coeflicient Expected limits Observed limits Previous constraints
at 68% and 95 % CL  at 68% and 95 % CL  at 95 % CL
(Coy = Coo)/ A2 | [-2.1,1.9], [4.6,37]  [-1.0,27],[-34,4.3] [-34,75]
Cypr /N [-3.8, 2.8], [-23,5.0] [-2.0,3.6], [-27,5.7] [-2.0,5.7]
Cip/N? [-8.3, 8.6], [-12, 13]  [-11, 10], [-15, 15] [-16, 43]
Crw [ A? [-2.8, 2.8], [-4.0,4.1] [-2.2,2.5],[-3.6,3.8] [-0.15,1.9]
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Chiral Electroweak Higgs effective field theory

Alternatively treat Higgs boson as (non-SM) electroweak singlet & expand in chiral dimensions

1 1 L , Ny
Ly = _§<G,UVGM ) — §<WWW“ ) — 1 BB + > iy

Y=qr,lr,ur,dr,eR

U2

+Z (D, UTD"U) (1+ Fy(h)) + %@Lh@“h —V(h)

4
i Y+i¥<”> "N UPean + Yd+§:Y(n) "N P g
’ n=1 ' v " n=1 ’ v .

—v

U = exp(2tp*T"/v)

_ > A\ "
+ (Ye +y v (;> ) UP_lp + h.c.

n=1

At LO Higgs interactions can be
expressed as SM-like interactions
with different numerical coefficients

e.g. Buchalla, Capozi, Celis, Heinrich, & Scyboz,
JHEP 09 (2018) 057
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Kappa multipliers to Lagrangian operators

The dominant effects of new physics are in the Higgs sector in the non-linear-EFT scenario
Constrained experimentally using multiplicative k parameters to the Higgs SM-like interactions

Production modes Detectable decay modes
2
OggH Ky (Kp, K¢, M1 ) Dywweo e
Oooll g Ww (%)
OVBF 9 L'y
sM- = Kver(kw, Kz, mH) i = K7
OVBF L
OWH 2 I
sM . fw bb 2
OWH 'SM b
bb
O7ZH 2
7 r
SM T KZ ttT o 2
O-ZH I‘SM = K
O.7 Tttt
ttH 2
SM o Kt Yy _ Ky (KbaK’mKTaKW)mH)
e A

See also talk from S. Rosati
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Combination of Higgs boson measurements

Combination of many ATLAS production and decay channels constrains « parameters

Analysis Integrated luminosity (fb™1)
H — yy (including 1tH, H — yy) 79.8
H— ZZ*— 4¢ (including ttH, H— ZZ*— 4() 79.8
H— WW*— evuy 36.1
H— 1t 36.1
VH, H — bb 36.1
H — uu 79.8
ttH, H — bb and {tH multilepton 36.1
H— vy H—Z7Z*—4¢ H— WW* | H> 1t H — bb
ttH leptonic (3 categories) ttH leptonic ttH multilepton 1 € + 2 1,4 ttH 1 ¢, boosted
ttH hadronic (4 categories) ttH hadronic ttH multilepton 2 opposite-sign € ttH 1 ¢, resolved (11 categories)
ttH multilepton 2 same-sign ¢ (categories for 0 or 1 Tj,q) ttH 2 ¢ (7 categories)
ttH multilepton 3 ¢ (categories for 0 or 1 7,,q)
ttH multilepton 4 €
VH2¢ . VH leptonic 26,75 < pY < 150 GeV, Niets = 2
VH 16 ps ™ 2 150 Gev 0-jet, p¢ > 100 GeV 26,75 < pY < 150 GeV, Niets > 3

¢ Emiss
VH1Cp. T <150 GeV

VH EP'S, EP' > 150 GeV
VH E‘T‘“SS, EMISS <150 GeV
VH+VBF pl. > 200 GeV

V H hadronic (2 categories)

2-jet, mj; < 120 GeV

2¢,pY > 150 GeV, Niets = 2

2¢, Py > 150 GeV, Nets > 3
1£pY > 150 GeV, Niegs = 2

1€pY > 150 GeV, Njeis =3
0¢, pY > 150 GeV, Njets = 2

0¢, pE > 150 GeV, Njets =3
T J

VBF, p?/j 7> 25 Gev (2 categories)
VBF, pp] 1 <25 GeV (2 categories)

2-jet VBF, pl.| > 200 GeV
2-jet VBF, pl,' <200 GeV

2-jet VBF

VBF p%‘r > 140 GeV
(Thad Thad Only)

VBF high-ij

VBF lOW-mj'j

2-jet, p}'= 200 GeV

2-jet, 120 GeV< p)?'<200 GeV
2-jet, 60 GeV< p)”' <120 GeV
2-jet, p¥¥'< 60 GeV

1-jet, pY'> 200 GeV

1-jet, 120 GeV< prY'<200 GeV
1-jet, 60 GeV< pY’'<120 GeV
1-jet, pY’'< 60 GeV

0-jet (2 categories)

1-jet, p3f > 120 GeV

1-jet, 60 GeV< ptf <120 GeV
1-jet, p3¢ < 60 GeV

O-jet, p3 < 100 GeV

1-jet, m¢p < 30 GeV, p22

1-jet, mep < 30 GeV, ]72;2
1-jet, mep = 30 GeV, p}2
1-jet, mge > 30 GeV, p?
0-jet, mep < 30 GeV, p;r2
0-jet, mep < 30 GeV, ]7}2
0-jet, mpp > 30 GeV, p;2
0-jet, mge > 30 GeV, pT2

<20 GeV
> 20 GeV
< 20 GeV
> 20 GeV
<20 GeV
> 20 GeV
< 20 GeV
> 20 GeV

Boosted, qu > 140 GeV
Boosted, p1" < 140 GeV
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Combination of Higgs boson measurements

ATLAS combination constrains seven k parameters and BSM branching fraction

ATLAS Preliminary
V\s=13TeV, 36.1 - 79.8 fb™

1 o0 interva| =—e=m

m,, = 125.00 GeV, ly | <2.5 2 o Interval =
- -
i —agu— i —9
I — — = | — — g
I | -
i —mp—— i —ag—
B . =0 el e v
oM Bpsy 20 qu_

Parameter (a) no BSM (b) with BSM

Kz 1.07 £0.10 restricted to kz < 1
Kw 1.07 £0.11 restricted to ky <1
0.24 0.13
Kb 0.97f0_22 0.85J_r0-14
0.15 0.14
K; 1.09f0_14 1.05J_r0-13
Kt 1.02f8:%g 0.95+0.13
0.09 0.05
Ky 1.02“:0_12 O.98J_r0.08
0.12 0.10
Kg l.OOfO_11 O.97J_r0_09
Bgsm - < 0.26 at 95% CL

-1 05 O 0.5 1 1.5

-1 05 O 0.5 1
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Combination of Higgs boson measurements

Combination of many CMS production and decay channels constrains eight k parameters

Production and decay tags Expected signal composition NumbelT of Mass resolution
categories
H — 77, Section 3.1
Untagged 74-91% ggH 4
VBF 51-80% VBF 3
VH hadronic 25% WH, 15% ZH 1
rY WH leptonic 64-83% WH 2 ~1-2%
ZH leptonic 98% ZH 1
VH piiss 59% VH 1
ttH 80-89% ttH, ~8% tH 2
H — 727" — 4¢, Section 3.2
Untagged ~95% ggH 3
VBF 1, 2-jet ~11-47% VBF 6
VH hadronic ~13% WH, ~10% ZH 3 o
411, 2200/ 2p2e, de VH leptonic ~46% WH 3 ~1=2%
VH piiss ~56% ZH 3
ttH ~71% ttH 3
H — WW® — {vfv, Section3.3
e/ e ggH 0, 1, 2-jet ~55-92% ggH, up to ~15% H — 17 17
VBEF 2-jet ~47% VBF, up to ~25% H — 17 2
ee+up ggH 0, 1et ~84-94% ggH 6 ~20%
ep+j VH 2-jet 22% VH,21%H — 17 1
3¢ WH leptonic ~80% WH, up to 19% H — 1T 2
40 ZH leptonic 85-90% ZH, up to 14% H — 77 2
H — 77, Section 3.4
0O-jet ~70-98% ggH, 29% H — WW in ex 4
e, €Th, HTh, ThTh VBF ~35-60% VBF, 42% H — WW in ey 4 ~10-20%
Boosted ~48-83% ggH, 43% H — WW in eu 4
VH production with H — bb, Section 3.5
Z(vv)bb ZH leptonic ~100% VH, 85% ZH 1
W(4v)bb WH leptonic ~100% VH, ~97% WH 2 ~10%
Z(00)bb Low-pr(V) ZH leptonic ~100% ZH, of which ~20% ggZH 2
High-pr(V) ZH leptonic ~100% ZH, of which ~36% ggZH 2
Boosted H Production with H — bb, Section 3.6
H — bb pr(H) bins ~72-79% ggH 6 ~10%
ttH production with H — leptons, Section 3.7.1
2/0ss WW/tT =~ 4.5, ~5% tH 10
3¢ WW:tT:ZZ~15:4:1,~5% tH 4
4/ WW:tT:Z2Z~6:1:1,~3%tH 1
HoWWID 22y, 96% tH with H — 7, ~6% tH 1
20ss+1t, TT: WW = 5: 4, ~5% tH 2
30+1T, TT:WW:ZZ~11:7:1,~3%tH 1
ttH production with H — bb, Section 3.7.2
tt — jets ~83-97% ttH with H — bb 6
H — bb tt — 1l+jets ~65-95% ttH with H — bb, up to 20% H — WW 18
tt — 20+jets ~84-96% ttH with H — bb 3
Search for H — pup, Section 3.8
Hp S/B bins 56-96% ggH, 1-42% VBF 15 ~1-2%
Search for invisible H decays, Section 3.9
VBF 52% VBF, 48% ggH 1
s ggH + > 1jet 80% ggH, 9% VBF 1
H = invisible Ut 1 dronic 54% VH, 39% ggH 1
ZH leptonic ~100% ZH, of which 21% ggZH 1

35.9fb" (13 TeV)

CMS

® Observed
== 15 interval

— 20 interval

BBSM =0

2 3
Parameter value

Also constrains BSM branching fraction & invisible decay

CMS, 1809.10733 (2018)




pb/GeV)

AG/Ap

Ratio to prediction

Combination of Higgs boson measurements

Combination of CMS differential cross sections used to study pairs of k parameters

Low ptH sensitive to b & ¢ quark loops in gluon fusion
Constraints on pairs of parameters dominated by rate (through total width)

. -1
1o§CMS Preliminary 35.9 fo" (13 TeV) CMS Preliminary  35.9fb™" (13 TeV) 40CMS Preliminary ~ 35.9 fb'' (13 TeV)
E 587 Ao(py > 600) / 250 MQ 2: — Combination _Cl MQ - |[— Combination
s y - = C
1;—%5% _ﬁ_..} Ac(p:>200)/120 1.5H—H o2z g §J 30:——H—>ZZ
& ¥ " Ao(p! > 600) / 250 C C
— 10" %f ________ C|l—H— vy - —H-yy
f t  Combination ﬁ 1 - 20 — y
1072 = Syst. unc. i3 C C
E 0 Hobb . 0'5:_ 10F
10_35_ b Hoyy l - E
C oY Hezz T 1 O:_ oF
10 aMC@NLO, NNLOPS . 0 5:_ -
_ C Ggy from DOI: 10.23731/CYRM-2017-002 w Bt _10F
4f 1= E
2: 1% 3 ' : | —20p |
1§§§§ g debppme —1-5?[+Best fit - - [+ Best it SM 26 —1c |
_(‘)Ig """""" % % """ 1 Lo T T T T _30_ll|llIlllllllllllllllllllllll
0755048 80 20" 500 350 600 -8 —60 40 20 0 20 40 60
pt! (GeV) Ke
Shape onl
Rate + shape P y
-18.0 < k¢ < 22.9
Also study ttH + ggF and ttH + bbH pairs of coupling modifiers
CMS, CMS PAS HIG-17-028 (2018) See also talk from A. de Wit
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Summary

SM effective field theory operators now broadly used to interpret
Higgs, Electroweak and top measurements at the LHC

Extensive combination frameworks applied to Higgs measurements to
constrain effective couplings

These are the ingredients to a global SM EFT fit

Global fit will require expanded coordination of experimental
combination across measurements and theoretical feedback on fit
strategies and uncertainties
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