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* Introduction to effective field theory (EFT) already covered in previous talks

* (Can Higgs measurements bring anything new?
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* Introduction to effective field theory (EFT) already covered in previous talks

* (Can Higgs measurements bring anything new?

A class of dimension-6 operators can only be probed using Higgs field: ~ 1> ,_ Gupta, Pomarol, Riva (2014)
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Higgs in SMEFT

* Introduction to effective field theory (EFT) already covered in previous talks

* (Can Higgs measurements bring anything new?

A class of dimension-6 operators can only be probed using Higgs field: ~ v* L _
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Gupta, Pomarol, Riva (2014)
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Reinterpretation of existing measurements

e Use unfolded/detector-level distributions
of observables in SM measurements

e Parameterize o in terms of Wilson coefficients (WCs)

e Extract bounds on WC
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Reinterpretation of existing measurements Dedicated EFT measurements

* Use unfolded/detector-level distributions * Identify processes sensitive to particular set of WCs
of observables in SM measurements

* Simulate events with EFT hypotheses
e Parameterize o in terms of Wilson coefficients (WCs)

e  Perform direct measurements in terms of WC

e Extract bounds on WC



Pathways to probe EFT operators OAW & ZFuepny
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Reinterpretation of existing measurements Dedicated EFT measurements

@ Easy to combine different measurements @ Can design object & event selection conditions

- depending on EFT operators
Doesn’t take into account acceptance effects

due to EFT operators @ Construct dedicated observables sensitive to

particular operators
Observables already fixed - May miss subtle EFT effects

Can be non-trivial to combine with other measurements

CMS-PAS-HIG-19-005 arXiv: 2104.12152

(Accepted by PRD for publication)


http://cds.cern.ch/record/2706103/files/HIG-19-005-pas.pdf
https://arxiv.org/abs/2104.12152

Combined measurement of Higgs properties OAW

AUSTRIAN

-7 HEPHY

INSTITUT FUR HOCHENERGIEPHYSIK
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Input data for EFT analysis

Analysis Decay tags Production tags Luminosity ( fb h
ggH, pr(H) x N-jet bins 77.4
H—= vy TY VBEF, pr(H jj) bins
ttH 359,415
ggH, pr(H) % N-jet bins
VBEF, n;; bins
H— ZZ" — a4y 4p, 2e2p /2u2e, de VH hadronic 137
VH leptonic, py(V) bins
ttH
) H < 2-jets
ey /e %FEI;F
- ee+ H < 1-jet
H—WW™ — tvty e;tijlj %’El:-l hadm'nic 3.9
3f WH leptonic
4f ZH leptonic
gegH, pr(H) x N-jet bins
H s o1 VH‘hadmnic 774
e, eTy, HTh ThTh VBF
VH, high-p(V) 35.9
Wifv)H(bb) WH leptonic 159 415
H — bb Z(vv)H(bb), Z(££)H(bb)  ZH leptonic !
bb ttH, tt — 0, 1,.2!'.' + jets 774
ggH, high-p;(H) bins 35.9
ttH production 2(ss, 31, 47, tH 359,415

with H — leptons

16421y, 20ss+171y, 3f+1T),


http://cds.cern.ch/record/2706103/files/HIG-19-005-pas.pdf
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Higgs effective Lagrangian (HEL) Input data for EFT analysis
_____ Analysis Decay tags Production tags Luminosity (fb™")
ggH, pr(H) x N-jet bins
O, = (HTH)G> G~ Ho " VEE. Pl ) i
— ttH 359,415
g —_ 'TI.I-L" T : T T :
ggH, pr(H) % N-jet bins
i Ay VBE, m;; bins
O,_,r, — (H' H)B“y Bp:b" H— 2z - 4r 4n, 2e2p /2u2e, 4e VH haé}mnic 137
' S~ VH leptonic, py(V) bins
_ ttH
Orw = i(D*H) o(DY HYW, v
) (+) s ee+li ggH < 1-jet 359
OHB == '?.(D'“H)JF{DI}H)B“H H - WW™ — by efi+j VH hadronic
Wt Z 34 WH leptonic
: > 4f ZH leptonic
- [ é if-" e 1, A et ~— S ggH, pr(H) % N-jet bins
O“’ ?(H “ H) D"W i _ 7 H VH hadronic 774
w T e, eTy, HTh ThTh VBF
: , high-p(V) 35.9
Op = i(HI DFH)OY B o Vihigh,
JL _ Wifv)H(bb) WH leptonic
i Z(vv)H(bb), Z(#6)H(bb) ZH leptonic 333, 41>
t ~ Y H=bb HHL 0,1, 26 +jets 77.4
= (H H)QLHI-I-R bb ggH, high-py (H) bins 35.9
T " t_tl}-llgrodLllction s 2;’.'?5, 3? 47, . tH 359,415
Od — (H H)QL HfiR ----- wit — leptons (+21,, 20ss+1T, 3(+1T,

Oq= (H'H)LHlp


http://cds.cern.ch/record/2706103/files/HIG-19-005-pas.pdf
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CMS-PAS-HIG-19-005

Higgs effective Lagrangian (HEL) HEL Parameters Definition
_____ cq x 10* Cyp= ﬁ%
(HfH) L Pl 7 f — Wilson coefficient
EI T L .
Y cg % 10° ¢ = ¥ fe

d,= (HH)B,, B
Opw = i(D*H)'e*(DVH)WS, ) ¢, x 10 ¢, = —v2 Ly

Oup = ?(D.HH)T(DVH) p - o
i : I R — x 10 —
Ow =i(Hlo*DEH)D*WE, | ) Cd 03—t 5h
W J
OB . E(HTWH)JHB;W 7 Cp X 10 ¢, = —UZ%
O, = (H'H)QrHup |
L . o m>, fuw
Od — (HTH)ELH‘TR e 2, ; 2m?,
(cww —¢) X 10*  cppy = AT AR _Qrb'}%i
Alloul, Fuks, Sanz (2013) 10

(c,, *c,) — constrained to 0 by EWPD


http://cds.cern.ch/record/2706103/files/HIG-19-005-pas.pdf
https://arxiv.org/pdf/1310.5150.pdf
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35.9-137 tb™ (13 TeV)

CMS ® Observed © Observed (other ci =0)
o i 1] | +1c (otherc =0)
- - 1
Preliminary — iz +20 (other ¢ = 0)
p,=89%
Gy X 10 o—-gﬁar
(c,,, — Cg) X 10° a_.
Cdx10 e — —S*lw—
¢, x 10 - -
500! ——Q—g——
Cg X 10° +—
CUX‘IO ——— —E*—-
EEEEEEEEEEEER RS T A EL AR A E R LA
20 -15 -0 -5 0 ;] 10

Parameter value

CMS-PAS-HIG-19-005

Two bounds reported for each WC:
1. Putting all other WCs to 0 — generally results to stronger bound

2. Profiling other WCs — gives a sense of correlation between operators

11
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35.9-137 fb™ (13 TeV)

C M S ® Observed © Observed (other lc:i =0)
o i 1] - 1o (other c:]_ =0)
Prehml'nafy — x2c +2c (otherc =0)
P, = 89% J
Gy X 10 —+
(c,,, —Cs) X 10° ..‘
Cd x 10 —*— —f*—
610 - -
500! —--—
G, 5107 +—
C, X 10 —'— —i—
PR S T TR NN T W W [N SN ST T [ T ST S # PR S S T S R
-20 -15 -10 -5 0 o 10

Parameter value

CMS-PAS-HIG-19-005

Two bounds reported for each WC:
1. Putting all other WCs to 0 — generally results to stronger bound

2. Profiling other WCs — gives a sense of correlation between operators

CMS Preliminary ~ 35.9-137 b™ (13 TeV) ;
i i =
c,x 10 042 003 002 037 020 -030 WMo g
Ce X 10° 0.08 . 050 054 0.6
-10.4
¢, x 10° 032 -032 009 -003
N 0.2
¢x10 [ 002 0.08 410
- ~—0.2
[ 10 0.37
-1-0.4
(€, —C)x10° | 0.29 | 050 R 0.6
c Xx10° | -0.30 -0.54 1-0.8
=1

c,x 10

-cg) x10°
e X 10°

Cow

Large correlation between operators affecting H-V coupling

Significant correlation between c_and many other WCs 4,

(increase in rate due to production and decay width can not be separated)


http://cds.cern.ch/record/2706103/files/HIG-19-005-pas.pdf
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arXiv: 2104.12152

Probing X
4 HZZ couplings (HWW couplings related by symmetry) ek =i b2

2 Hgg couplings (1 CP-even + 1 CP-odd)

2 Htt couplings (1 CP-even + 1 CP-odd) .

VIV 2 VV 2 LAY "
1w K Gyit% Gy K3 (Gyr+Gv2)° .
A ( . ) N1 T ;U =(1) 1 ),
( 1 ) Q0 f':f::'ﬁl — Equ{i'f —_ E{Hqu’ f““ — EEFII’Pﬂ'f{” Pt"".

I ATAT -r']'] ) I r 1o
#LL) ex(2), 00 V'V -‘h[ljl:- 20,
IJHZ pv f [ .:I H o) ﬂ3 .f.ifl' " *{ :I H r

e — »
A(Hff) = — ?lpf (% + k¢ ys) P, SM: alww= alzz= 2, k=1, others 0

13
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arXiv: 2104.12152

Probing X
4 HZZ couplings (HWW couplings related by symmetry) ek =i b2
2 Hgg couplings (1 CP-even + 1 CP-odd)
2 Htt couplings (1 CP-even + 1 CP-odd) .
VIV 2 VV 2 LAY "
1 . Ky gy + K 5 K 1+ qy2)” -
A(HV,V,) = 5 ﬂ:"”” + LV v 22 W + = (@v:x ‘ivz m%;.lgv.le‘;ﬂz
A ( . #) N1 Y ;o =(1) 1 '
( 1 ) 1 Q0 1 flzf}}fl — Equ{'rf —_ E{-'r]'-qu" . — EEIHI"DG'f{{LPF_
my— .
A(Hff) = — ?lpf (% + k¢ ys) P, SM: alww= alzz= 2, k=1, others 0
a 88 — K g8 =K gg:O ~
1 1 2 ‘

a VV: K vv:K VV:O
T Requirements of

K “ =K 7 4 Gauge invariance
WW _ szw

K \AY :O %
3

K
1

14
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arXiv: 2104.12152

Probing : Production mechanisms included:
4 HZZ couplings (HWW couplings related by symmetry) ek =i b2
2 Hgg couplings (1 CP-even + 1 CP-odd)
2 Htt couplings (1 CP-even + 1 CP-odd) .
VIV 2 VV 2 LAY "

1 . K, gy K 5 K 1+ qya)* ..
AHV,V,) = - ﬂ}w 4+ — 22 Ll + = 1 sz HI%;-IE‘#-IEQ.,_Q

“ WY (aY)

1 Q

1 vv (1) 2 1 v ) =
#(1) #(2),uv VIV (1) 29, uv
‘|—Eﬂ2 v f (2)n + 5533 f:i!l' f*{ :IJ!“:

m— »
A(Hff) = — ?lpf (% + k¢ ys) P, SM: alww= alzz= 2, k=1, others 0

15
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arXiv: 2104.12152

Probing : Production mechanisms included:
4 HZZ couplings (HWW couplings related by symmetry) ek =i b2
2 Hgg couplings (1 CP-even + 1 CP-odd)
2 Htt couplings (1 CP-even + 1 CP-odd) .
VIV 2 VV 2 LAY "

1 . K, gy K 5 K 1+ qya)* ..
AHV,V,) = - ﬂ}w N AL 22 N + =2 v1 sz My, €316

v (Avv) (Avv)

1 Q

1 vv (1) 2 1 v ) =
#(1) #(2),uv VIV (1) 29, uv
‘|—Eﬂ2 v f (2)n + 5533 f:i!l' f*{ :IJ!“:

m— »
A(Hff) = — ?lpf (% + k¢ ys) P, SM: alww= alzz= 2, k=1, others 0

Method

Matrix element likelihood estimator (MELA) used to build
discriminants sensitive to individual anomalous coupling
including CP-sensitive observables

_ Exploiting maximum information
from event kinematics

BDT used to separate CP-even & CP-odd Htt couplings


https://arxiv.org/abs/2104.12152
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arXiv: 2104.12152

Probing : Production mechanisms included:
4 HZZ couplings (HWW couplings related by symmetry) ek =i b2
2 Hgg couplings (1 CP-even + 1 CP-odd)
2 Htt couplings (1 CP-even + 1 CP-odd) .
ViV 2 VV 2 VvV "

1 . K, gy K 5 K 1+ qya)* ..
AHV,V,) = - ﬂ}w N AL 22 N + =2 v1 ‘ivz My, €316

v (Avv) (Avv)

1 Q

I ATAT |'1:| 3 ¥ 1
L) (20, uv VV H*[11':- 2),uv
11”2 pv f f .:I H i, ﬂ3 f:ifl' ’ *{ :I # r

m— »
A(Hff) = — ?lpf (% + k¢ ys) P, SM: alww= alzz= 2, k=1, others 0

Method

Matrix element likelihood estimator (MELA) used to build \ Exoloit . formati
discriminants sensitive to individual anomalous coupling ~ ; Xplol lngt rllil.ammutr.n fntormation
including CP-sensitive observables ron Event KIematcs

BDT used to separate CP-even & CP-odd Htt couplings

EFT Results

Reported in Higgs basis under SU(2)xU(1) symmetry - translated into Warsaw basis


https://arxiv.org/abs/2104.12152

H-t coupling

CMS

Anomalous couplings in H - 4 leptons

137 fb" (13 TeV)

10

-2AIn L

T T | T T T T
— Observed

— ttH(yy)
— ttH(yy+4I)

£
8
*a
*

.
B
e
e

=ik

95% CL

— ttH(4l)

: [
Expected

1
s (|||||||| '/
OAW e M
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arXiv: 2104.12152

Sensitivity to fermionic couplings parameterized in terms of

ff &) . Ke
fl:I:l — - s5191 (—)
Jer Kel2 + | %2 2 ke

o/oSM &

Results combined with ttH( - y7)

— Significant improvement in sensitivity

18
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Anomalous couplings in H - 4 leptons OAW & Zfuepny

CMS 137 fb' (13 TeV) .
i SR R Expecteé arXiv: 2104.12152
— ttH(yy) — ttH(41)

— ttH(yy+4I)

10

Sensitivity to fermionic couplings parameterized in terms of

e . |Rgl® . Ky
0/0g, & P ]2 + | Re? e (fff)

95% CL

Results combined with ttH( - y7)

— Significant improvement in sensitivity

H-t coupling

-2AIn L

Data consistent with SM prediction

Measuring only yield (« *+ ) produces a ring
in 2-D scan of log-likelihood

~ CP-sensitive measurement resolves regions within ring

@19
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CMS 137 fb' (13 TeV) .
T VR YT ] RS S, O T S ST T IR ) OO (R P aerV: 2104.12152
- — Observed -~ Expected il
101~ =
— ggH(4)) i e : : N
Sensitivity to bosonic couplings parameterized in terms of
- L i
5 88 |2 88
it | a : a
i 95% CL i O/OSM & fagH ~ 1,88 |23 | gz Sten %
e ¢ =i i S bbb e e |ﬂ2 | —I_ |H3 | HZ
Anomalous couplings expressed in terms of WC in Higgs basis

— 1 58
H-g coupling fol 88 T T orug 2
o= 1
8 S c gg = - 5 ﬂ%g ’
s g
6
5 Data consistent with SM prediction
4
3 Small sensitivity worsens resolution within ring
2
1
] 20

-0.02 -0.01 0
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CMs 137167 (13 TeV) CMS 137107 (13 Tev) arXiv: 2104.12152

s P s s e e e e P s e e ey

— Observed, fix others — Observed, fix others

- Expected, fix others ---- Expected, fix others

Sensitivity to bosonic couplings parameterized in terms of

— Observed, float others — Observed, float others

-~ Expected, float others /
e :/l’gf

- Expected, float others

o AVl
— | i1 : I
0-/OISM & fu = vV o 2ezn) S8 | 7,
Ljla " [aj :

DU Anomalous couplings expressed in terms of WC in Higgs basis

e Ly be e o e P
0.2 04 06 0.8 1

[
1 L L 1

0 1 1 1 1 1 £t el L
-1-0.8-0.6-04-0.2 -0.02 0 0.02

7
\
1 i 1

) L L L 1 L Tostt L TS T TS0 T B [ T ]
-1-0.8-0.6-0.4-0.2 -0.02 0 0.02 0.2 0.4 0.6 0.8 1

fa2 fa3
2 2
H-7Z couplin CMS 137 fb™ (13 TeV) Czz = — wtw az,
p g 1 e e e e e e e e e e [ R 20 2 ?TR
] | : | . 2 2
. + bestfit | 5|18 - SwClw
B ———— e 68% CL. Cpz = — 5.
0.5 o TS b GE O 16 £ 2}"[’.{1 3
1 14
] 1 =12
(0] == - = . . . .
e 1B 10 Data consistent with SM prediction
] | g o
~0.5 X S f EE Correlation with other WCs washes out the ring
N e N e | P
. i 21

-03 -02 -0A1 0 0.1 0.2 0.3 0.4
C

zZ
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Conclusion & Outlook 7 HEPHY

* Area of EFT measurements emerging as a new center of attention
* Increasing interest by both communities: theory & experiment

 Still a number of places to reach consensus upon

Impact of NLO Inclusion of Impact of
QCD &/ EW corrections quadratic terms dimension-8 operators i
in EFT fit in EFT fit

* LHC provides an unique opportunity of EFT measurements in Higgs sector (along with other sectors)

* Follow the latest happenings in LHC EFT working group

22
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Area of EFT measurements emerging as a new center of attention
Increasing interest by both communities: theory & experiment

Still a number of places to reach consensus upon

Impact of NLO Inclusion of Impact of
QCD &/ EW corrections quadratic terms dimension-8 operators i
in EFT fit in EFT fit

LHC provides an unique opportunity of EFT measurements in Higgs sector (along with other sectors)

FASE, g

S w

Follow the latest happenings in LHC EFT working group


https://lpcc.web.cern.ch/lhc-eft-wg

Extra material
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Combined measurement of Higgs properties 7 HEPHY
35.9-137 fb™! (13 TeV)
CMS ® Observed O Observed (other ¢ =0) Two bounds reported for each WC:
— i o] | +1c (mhemj =0) . .
Preliminary — 2 e 1. With putting all other WCs to 0 — generally results to stronger bound
o Pau=89% 2. Profiling other WCs — gives a sense of correlation between operators
Gy X 10 O—g-ar
(e, —Cg) X 10° 4_. Not sensitive to sign of “Yukawa-like’ operators
| 35.9-137 fb™ (13 TeV)
o _|'C'M'S'\""""ll"'l""ll'_
- 14, —]
cy x 10 —— _*"_ L Preliminary —— Observed ]
- gml. e Other C = 0 a
CI x10 ——— —"é— 10+
500! — [
i f 6F
c, x 10° —-p-—— 4
- of ]
G X 10 0_|....kj..| L
e R R R E R R R R A R R R E R —20 -15 -10 -5
=20 =15 =10 -5 0 5 10

Parameter value 25



Combined measurement of Higgs properties =7 HEPHY

35.9-137 fb™ (13 TeV)

CMS ® Observed © Observed (other ci =0)
o i 1] | +1c (otherc =0)
. - 1
Preliminary — iz +20 (other ¢ = 0)
P, =89%
Gy X 10 o—@ﬁer
(€, - Cs) X 10° Jg....
Cdx10 —-_-- +——
¢, x 10 = -
500!
6510 g
EEEEEEEE R R E R E S R AL E R AR E SN
20 -15 -10 -5 0 4] 10

Parameter value

Two bounds reported for each WC:
1. With putting all other WCs to 0 — generally results to stronger bound

2. Profiling other WCs — gives a sense of correlation between operators

Not sensitive to sign of ‘Yukawa-like’ operators

bbH ggF+bb

Including bbH measurements can help to alleviate sign ambiguit%gi forc,



Probing )
Up to 5 HZZ couplings ——mme-
2 Hgg couplings (1 CP-even + 1 CP-odd) ;
2 Htt couplings (1 CP-even + 1 CP-odd)
VV o VV o VV ,
;K T K 2 1+ -
A(HV,V,) = % ﬂ\l..w Lo Gvi+ % Gy K3 (Gyv1+ Gva) el et

Vv 2
Q

CONERC

Measurement of anomalous couplings in H - 4 leptons

1
-7 HEPHY
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Production mechanisms included:

1 v (1) oy . 1 VV (1) 2 .-
+E”2 Iml.l .f.-[l_],lm + Eg.'i fg!l' f*{zj,;u :
m— N
A(Hff) = —— ¢ (x5 + iRey5) ¥y,
v WW zz | Amy
Requirements of 1 S T
88 — g8 —1¢ 88— . .
a ™= K==K>==0 Gauge invariance W _ 2 72 o ey o 2
2 w2 w2 Swhtwta
YV — VW= YW= Ww 2L £
4,7 = K=K, =0 Ay = Coly + S0l + 250,05,
< . - s .
K ZZ:KZZZ SU(2)xU(1) symmetry, K-T‘ W ) ) Kfi ) ﬂg? ‘qfé Sw /o 5 ;;;T
&,W WwW relates (ﬂWW }2 (Lv-. Sw) {ﬂzz}z 25w HIE ZC_(L“ - qw) ?‘HE !
: . z “r Z
K 7K, ) W, Z couplings ' : - 2 -
KSV":O Ky (2 —2) = 2s..c ( K a, — i ) 123 — &2 }”2
7 w “w/] T “Ow v 7 W W 2
(ATT)? (AT7)? my niy
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