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Anomalous couplings

e Search for anomalous HVV couplings in production and
decay in the H — 4¢ and H — 77 channels

e CMS-HIG-18-002, CMS-PAS-HIG-17-034
e Kinematics of 44 decay

* Kinematics of jets from VBF and VH production
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-002/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-034/index.html
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* SM, tree level: af? = a'""V = 2, others = 0
* Assume a’? = aWW call it “a;
e Assume no g2 cutoff for anomalous couplings
* Measure a,, as;, Al,Afy
. azgw are already constrained from onshell photons
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Offshell H = ZZ production

* H > Z7 decay at 125 GeV is

19.7 b (8 TeV) + 5.1 fo™" (7 TeV)

suppressed by the Z propagator _ CMSsmen
* 91.2+91.2 = 1824 Grot o
N 3L [ ]fa=t
* Above 200 GeV, the Zs are onshell 3z ,¢ e
and production is suppressed by the £ off .=

H propagator
* SM: expect to see a few offshell

events with current stats 10-3%
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General strategy

* VBF and VH production and H — ZZ decay scale like a?

* gg — H, ttH, bbH production and H — 77 decay scale with
Hqq and Htt coupings

 Offshell/onshell ratio scales with I'y

* Therefore, overall scaling:

o itz =y, for VVH production with HZZ decay
o uiiZ = . for ffH production with HZZ decay
o Tt = pym, for VVH production with Htt decay
o ufT =, for ffH production with Htt decay

phzzoftshell -\ '~ ;M for offshell VVH production with HZZ decay
. phzzoftshell - ‘0 /pSM for offshell ffH production with HZZ decay

* f,; parameters affect the categorization and shapes



Key: 6

G enera | St rategy No HVV vertices

1 HVV vertex

. . . 2 HVV vertices
¢ Spllt events Into categorles C

* In each category, parameterize p.d.f. for each process p with
templates T; ,, describing the most important kinematics

Pe(far, @)
Z Tep (0) + Z iy (a378(8) + a1a,T2, (8) + a?72,(0) )

¥ Z w, (a2T8, (Q) + a3a, T, (0) + a2a?T2,(0)

+ alafTC%p (Q) + afT?, (ﬁ))

e Offshell: 2 or 3 additional terms per process for interference
with gg — ZZ or electroweak background, scaled by /i1,



Distinguishing components

* In principle, want to distinguish all of the components (background, SM and
anomalous signal for various processes, various interferences)

* Matrix element discriminants (via MEELA) for two interfering processes:

° Dl — Psig D: — Pint
att DsigtPalt’ tnt 2 /DsigPait

* optimal to distinguish sig, alt, and their interference

* Use full kinematic information
* 5angles, 2 V boson masses for 4 fermion system

* Categories

Category ____|Selection ____________|Discriminants _

VBFH - Z7Z MELA discriminant for VBF vs ggH  Target VBF+decay

VHH - 77 MELA discriminant for VH vs. ggH  Target VH+decay

Untagged H —» ZZ Remaining events Target decay

VBF H — 17 pr and my; Target VBF

0jet No jets Control yield

Boosted Remaining events pr helps to distinguish couplings

e 3D distribution of discriminants: background and couplings


http://spin.pha.jhu.edu/

Onshell H - ZZ discriminants

SM-BSM interference
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Offshell H = Z/Z discriminants
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H — 11 discriminants

CMS PFreliminary
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Results: H = 17 + onshell H =» 4¢ %!
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-2 AlnL

-2 AlnL

Results: H = T + onshell H — 4¢ **
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-2 AlnL

-2 AlnL
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Results: Onshell + offshell H —» 4¢ *°
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CMS Preliminary 5.1 o7 (7 TeV) + 19.7 fo” (8 TeV) + 80.2 fb™ (13 TeV)

I I

gwm/%///%%%/

350 005 E:— / // 2 AT /22
8] 0 E_ ________________________________________ --- 1 K | 5
;8_—0 005 _E— : ///////
Y 7
—e— Best fit & 68% CL ' : aY"{ :
7777 Excluded at 95% CL ' SM
Expected ot G2t L 7z HZV HW <F )
Parameter Unconstrained parameter Observed Expected
I'y (MeV) fa3 cos (Pa3) 2.4177[0.02,8.38] 4.1137[0.0,13.9]
T'y (MeV) fa2 €08 (¢a2) 2.5722[0.02,8.76] 4.17520.0,13.9
T'y (MeV) fa1cos (¢a1) 2.417220.06,7.84] 4.175%0.0,13.9]

e 20 exclusion of small anomalous couplings from VBF production
» 20 exclusion of 0 width hypothesis and Iy > 2.15I'3M
* Promising results during the long shutdown with full Run 2 data,

more channels, ...



Backup



CMS&ATLAS results Offshell 16

CMS

Runl
Run 2-

Study of the mass and spin-parity of the Higgs boson
candidate via its decays to Z boson pairs CMS-HIG-12-
041, arXiv:1212.6639

Measurement of the properties of a Higgs boson in the
four-lepton final state CMS-HIG-13-002,
arXiv:1312.5353

Constraints on the spin-parity and anomalous HVV
couplings of the Higgs boson in proton collisions at 7
and 8 TeV CMS-HIG-14-018, arXiv:1411.3441

Limits on the Higgs boson lifetime and width from its
decay to four charged leptons, CMS-HIG-14-036,
arXiv:1507.06656

Combined search for anomalous pseudoscalar HVV
couplings in VH production and H to VV decay, CMS-
HIG-14-035, arXiv:1602.04305

VV production
ATLAS Offshell and VV production

* Evidence for the spin-0 nature of the Higgs boson using
ATLAS data, ATLAS-HIGG-2013-01, arXiv:1307.1432

* Determination of spin and parity of the Higgs boson in
the WW*->evuv decay channel with the ATLAS
detector, ATLAS-HIGG-2013-14, arxiv:1503.03643

* Study of the spin and parity of the Higgs boson in
diboson decays with the ATLAS detector, ATLAS-HIGG-
2013-17, arXiv:1506.05669

e Test of CP Invariance in vector-boson fusion production
of the Higgs boson using the Optimal Observable
method in the ditau decay channel with the ATLAS
detector, ATLAS-HIGG-2015-06, arXiv:1602.04516

* Constraints on the off-shell Higgs boson signal strength
in the high-mass ZZ and WW final states with the ATLAS

_—— . o o e o e e e e e o oy detector, ATLAS-HIGG-2014-10, arXiv:1503.01060

Measurements of properties of the Higgs boson and
search for an additional resonance in the four-lepton
final state at Vs = 13 TeV, CMS-PAS-HIG-16-033

Constraints on anomalous Higgs boson couplings using
production and decay information in the four-lepton
final state, CMS-HIG-17-011, arXiv:1707.00541

* Measurement of inclusive and differential cross sections
in the H = ZZ* = 4l decay channel at 13 TeV with the
ATLAS detector, ATLAS-HIGG-2016-25, arXiv:1708.02810

* Measurements of Higgs boson properties in the

Measurements of Higgs boson properties from
on-shell and off-shell production in the four-
lepton final state, CMS-HIG-18-002,
arXiv:1901.00174

Constraints on anomalous HVV couplings in
the production of Higgs bosons decaying to
tau lepton pairs, CMS-PAS-HIG-17-034

diphoton decay channel with 36 fb-1 of pp collision data
at Vs = 13 TeV with the ATLAS detector, ATLAS-HIGG-
2016-21, arXiv:1802.04146

* Constraints on off-shell Higgs boson production and the
Higgs boson total width in ZZ->448 and ZZ->282v final
states with the ATLAS detector, ATLAS-HIGG-2017-06,
arXiv:1808.01191

Focus of this talk
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https://arxiv.org/abs/1503.01060
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-25/
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. Key: .617
Processes included No HVV vertic

1 HVV vertex
2 HVV vertices

onshell offshell
H - 4¢ H - 4¢ H - 1T
* Background * Background * Background
*qq/99 = ZZ * qq/99 > ZZ A
e 7+ X e Z+X * tt + jets
* Signal * Signal * W + jets
° ggH ° ggH ¢ QCD
* VBF e Signal
° VH ® VBF ° ggH
. ttH * interference  VBF
« bbH " VH . VH

* interference

Need observables to separate between these processes



General strategy

* Several independent parameters for each fit
* SM HVV coupling a4
* Anomalous HVV coupling a;
* Hgg couplings afg (and sometimes afg)

* Htt coupling K.,
* In the f,; fit, we also allow agg to float

* Negligible effects on the result

* No sensitivity to anomalous Htt couplings, as we don’t use
those kinematics



General strategy

* To get more experimentally orthogonal variables:
{a1, @, a3?", Ty, [ag"" ], keee} = {faiotp, [£37])

* Uy absorbs the common scaling of a; and a; and
scaling of Htt and Hgg couplings

* In total we need 4 independent ,,’s
HZZ

*Hy = Hy
* Upt = U
* .uIIjTT = HUyTlt
* UpTT = e,
. uhizz offshell _ wy Ty /TSM

. plizz offshell _ up Ty JTSM



Event selection

* Follow same strategy as respective SM analyses

H - 4¢ H - 1t

e 2e2u, 4e, 4u * T Th
* Events are separated by * ety

final state . Ut
e All three final states are . eyl

treated the same way

in analysis

* Take interference into * Backgrounds are very
account for 4e, 4u different per final state

* See paper for details
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Kinematics

* For a given m,,, four-fermion system
in production or decay is defined by: M/
* 5angles —

* Two q%i of difermion systems

* For the production+decay: two
HVYV vertices

* 13 independent observables remain
 Want to optimize information using — %decay to 41

fewer observables



Discriminants

* Two basic types of discriminants:
Psig

PsigtPalt

e Optimal to distinguish pure SM signal from alternate hypothesis

* Alternate hypothesis could be background, another coupling model, or
another signal production mode
o D Pint

int —
2 [PsigPalt

* Together with D,;;, optimal to also isolate the interference contribution

* Dgir =

* Dsigr Pait, Pint are calculated through MELA package
using matrix element probabilities



http://spin.pha.jhu.edu/

Categorization

* General strategy:
* Untagged category to control ggH yield
* |In 4¢: also measure anomalous couplings in decay
* Tagging categories to measure anomalous couplings in production

H - 4¢ H - 1T
* VBF-tagged * O-jet
* VH-tagged  VBF
e Untagged  Backgrounds don’t have
* Tagged categories: primary simple matrix element
“background” is ggH * Use kinematic cuts to
* Use MELA discriminants to optimize separation

separate VBF or VH from ggH  « Bpoosted

 Want to be sensitive to
anomalous VBF and VH as well

—>Use both SM and BSM VBF/VH
probabilities

e All other events



Categorization

* General strategy:
* Untagged category to control ggH yield
* |In 4¢: also measure anomalous couplings in decay
* Tagging categories to measure anomalous couplings in production
H - 4¢ H- 1T
* VBF-tagged * O-jet

* Exactly 4 leptons e \VBF
e 2-3 jets with < 1 btag,

or more with no btag * Thlh: S 100 GeV
. VBF VBF,BSM *pr~> e
maX(DZjet'DZjet ) > 0.5 . AT?]] > 25
* VH-tagged * etTy and Uty
* Same lepton and jet counts * my; > 300 GeV
» max(DFfl, D), DY, D) > 0.5 . pI' > 50 GeV
e Untagged * uty only: p.* > 40 GeV
* Everything else - el
MELA discriminants * Exactly 2 jets
« my; > 300 GeV
* Boosted

e All other events



Templates

e Both 4¢ and 77: use multidimensional templates
» Separate signal from background

e Separate SM from anomalous hypothesis
 Where feasible: separate interference component



Events / bin

Background separation "

e H — 4 onshell

- psig(mM)Psig(f_i)
* DpialMap, Q) = a Q
bkg ( 44 ) Dsig(Map)Psig (Q)+pbkg (M4e)Pbig (Q)

* My, Shape
* Signal: 125 GeV * detector effects
* Background: ~flat
* Kinematics (angles, ff masses)
* Includes both decay and production information where possible

CMS 77517 (13 TeV) CMS 77517 (13 TeV) CMS 775107 (13 TeV)
L L B R L L R A I IR L T
100 + Observed - | + Observed ) + Observed |
—— Total SM Untagged —— Total SM VBF-tagged 10~ —— Total SM VH-tagged _|
'+ [ ]VBF+VH SM b r [ ]VBF+VHSM | [ 1VBF+VH SM
--------- Total f ;= 1 i 10~ - Totalf =1 — | o Total fy =1
it VBF+VH T 5 =1 - L] i IVBF+VHI =1 - - L IVBF+VHI =1
r | O Zzzy 5 || O ZZzy 5 1 zzizy>
|| z+X gy I Z+X gy I Z+X
%) i %) -
50— - T L c
O o 5 m
_ > 50 — >
} } L W -
l_!ﬁ
0.6 0.8 1

bkg



Events / bin

Background separation Y

* H — 47 offshell
* myp shape

Signal shape is more complicated and depends on anomalous
couplings—2>include the whole shape in the analysis

* Kinematics (angles, ff masses)
e Use a separate dimension

pkin (Q) Psig ()

Psig (Q) +Pbkg (Q)
CMS 775 b (13 TeV) CMS 775" (13 TeVv) CMS 775" (13 TeVv)
T T T I T T T I T T T I T T T T T T I T T T | T T T I T T T I T T T FT T T I T T T 1 T T T I T T T =
- - 60 — —
Untagged * Observed Untagged * Observed | VBF-tagged * Observed
- Total (f_=0,T,;=10 MeV) K ---Total(f =04, L= | |, . e Total {f_=0, I',=10 MeV})
40 gga4| SM s+b+i e | Total (f_=0, I';=10 MeV) | Al gg—»4 SM s+b+i |
5] EW SM s+bui c - [ ag—41 M s+bei c [ EW SM s+bsi
o 4om e 7 o)
D qg—4l bkg. - 1 [552| EW SM s+ba+i - D qg—4l bkg.
B zx 2 [ Jqaaibkg 0
j j
o B z-x o
20 4 3 ool |
20— -5 -
3 -3 ,
L Sl %
o B B 2 s S Oh_._ L. { " IL . 4 R . ;T8 0 .
400 600 800 1000 0 0.2 0.4 0.6 0.8 1 800 1000

m,, (GeV) D



Events/bin

Obs./Exp.

28

Background separation

*H - 11
* Backgrounds don’t have simple matrix elements
* Use kinematics, such as m;, m;;, pr'

CMS Preliminary 3591 (13 TeV)

—¢— 0] bserved [ ] H—>TT
Z—1t
tt+jets

B W+jets
Total unc.

SM VBF H—11 (o = 5000 GSH}
BSM VBF H— 1t (o = 5000 03"}

ThTh
D Z-pp/ee

QCD multijet
I Others

++JTL+‘*1** H’ +++++‘ H

260
m.. (GeV)

300

1% I &'
o O
o O
o O
o O

Events/bin

CMS Preliminary 3591 (13 TeV)

—¢— Dbserv-ed - H—>TT
D Z-pp/ee

QCD multijet
I Others

3
o
-+
5

Z—1T
tt+jets
B W+jets
Total unc.
SM VBF H—11 (o = 5000 GSH}
BSM VBF Hott (5 =5000 o, )
»

|

3[510 400
m\ris (GEV)

500



Events / bin

: : 29
Anomalous couplings separation

Psm — + Zy
e D . = s a; = ax(07),a,(07), A, or A
at Dsm+Dai l 3( ) 2( h) 1 1
e H = 44 onshell
* Untagged category: probabilities for decay

e VBF or VH tagged categories: production * decay

CMS 77.5f0" (13 TeV) CMS 775167 (13 Tev) CMS 77515 (13 Tav)
T T T | T T T | T T T T T T I T T T [ T T T I T T T l T T T I T T T l T T T E T T T I T T T l T T T I T T T l T T T
| ¢ Observed | |+ Observed _ | ¢ Observed i
| —— Total SM Untagged | | — Total SM VBF-tagged | — Total SM VH-tagged
30 (] VBF+VH SM , 8~ (1 VBF+VH SM = 6™ ) vBF+vH sm |
....... Total f , = 1 e Tolal fy = 1 1 M Totalf, =1
PIVBF+VHIE =1 c TIVBF+VHIi =1 c T IVBF+VHIi ;=1
- (zzzy = oLz 1 £ Dz -
- [ Z+X = [ @z 2 4L EmZeX _
20— — w L ()]
L -— -— -
C - [
O 4L i o ot
> >
w oo L r
B 2 ]
2 ] .
i et
E o A [ e
0 = o e s [ ST IR R e —
0 0.2 0.4 0.6 0.8 1
DVBF+dec




Events / bin

: : 30
Anomalous couplings separation

. . — __Psm = — + Zy
Dal pSM‘l'pai’ al a3 (O ); aZ (Oh)lAll or A1

e H — 4.0 offshell

* Untagged category: probabilities for decay
e VBF or VH tagged categories: production * decay

CMS Ssupplementary 77.5107" (13 TeV) CMS Ssupplementary 775" (13 TeV) CMS Ssupplementary 7757 (13 TeV)
15 T T T I T T T | T T T I T T T | T T T 3 T T T | T T T | T T T I T T T | T T T H L T T T I T T T l T T T I T T T l T T T
r * Observed Untagged 7 | + Observed VBF-tagged | L { Observed VH-tagged
| ---Total (f_=0.1, [=I'$") - i L ---Total (f_=0.1, [,=[") [ ---Total(f =01, I,=I")
I ="y - ! -
| - Total (f_=0,T}=10 MeV) | i - Total (f_=0,T=10 MeV) ' 3 ---- Total (f_=0,T",=10 MeV) —
10— gg—4! SM s+b+i i \ — c I gg—4l SM s+b+i c L gg—4l SM s+b+
° ol 5 2 1 5 |
HEEEr = | Elewsmsibsi = [ EE]Ew sMsibsi ]
[ ag-»4i bkg. ) - [ aa—4i bkg 8 2 [T]qa-ainkg. -
B c L [ L
L [z ) B zx o) L [z
> - >
5 L 1 B LLl "
L | e ]

TR T --‘. | 1
o 02 0 02 04 06 08 1 % 02 04 06 08 1
DgBF+dec DX-H+dec



Events/bin

Obs./EXp.

: : 31
Anomalous couplings separation

e Dy = psii’_éai, a; = az(07),a,(0}), Ay, or AZY
*H —> 11

* Probabilities for production information only

* Boosted category: only 1 jet, some separation from p¥!

CMS Preliminary 35.9 fb (13 TeV) CMS Prelrmmary 35.9 fb' (13 TeV)
4000F = T 1]
= l —¢— Observed - H—wr A” T = _% B l —¢— Observed - H—)'c’c T TI -
3500 Z>11 B Z-pp/ee — ‘& 25000 | y A B Z-up/ee h*h 3
C tt+jets QCD multijet 3 I - tt+jets QCD multijet ]
3000 B Wijets Others 3 o 20000 - B W+jets Others E
C Total unc. 3 L - Total unc. .
2500 SM VBF H-1t (6= 10 o) = E SM VBF H-tt (0 = 300 G) E
2000 :_ BSM VBF H—1t (!o' =10 GSM) _: 15000 :_ BSM VBF H—1t (o = 300 GSM) _:
1500 E 10000 f—e—r 3
1000 . - EE— ]
g S 5000 = =
500 - — L — o— ?
o] e —— ———— o 1 o -
= :

7))

0

@)




Events / bin

* Dine =

Interference between couplings

Pint

2\/psigpalt
« H — 44 untagged: decay probabilities

32

* Tagged categories and H — t7: production probabilities

* D-p = interference between SM and a3
any CP-conserving process

CMS

775107 (13 TeV)

60

B
(=]

N
[=]
T T T

¢ Observed

— —— Total SM

- [ VBF+VH SM
TR Totalf,,=+0.5

)

T O zZzizy
— [ Z+X

=
T T

Untagged —

Events / bin

CMS supplementary
T T T T T

77.5 0" (13 TeV)

C ]
+ Observed

| —— Total SM

- [_] VBF+VH SM

[ Total f;" = +0.5

—_
o

.......

w
T I T T
P —

T I T T T T
VBF-tagged

Events/bin

Obs./Exp.

: symmetric for

CMS Preliminary 35.91b7" (13 TeV)
1 1 1
7000 -¢- Observe d i Hott
Zo1t B Z-pp/ee All T
6000 tt+jets QCD multijet
B W+jets Others
5000 Total unc.
e SM VBF H—11 (6 = 10 asu)
4000 —— BSM mix VBF Hit (0 =100 )
3000
2000
1000
1.2 T - T
1 ¥ t
0.9 o g o
083 05 0 05 1




Events / bin

Interference with background .

Pint

2\/psigpbkg
* For the offshell H — 4¢€ width analysis

* Together with D ,, separates the signal, background,

and interference components to better constrain the
width

* Dypsi =

CMS 776107 (13 Tev) CMS 77.6 1" (13 Tev) CMS 77511 (13 TeV)
— T T —— T T T T —————————————————
| Untagged % Observe d i | VBF-tagged % Observe d ] | VH-tagged } Observe d
---- Total (f_=0,T,=10 MeV) | ---- Total (f_=0, T';=10 MeV) r ... Total (f_ =0, =10 MeV) |
0.4 _ L a. |
20— D 9941 SM s+b+ = : D 994l SM s+b+i 3 D gg—41 SM s+b+i —
F] ew sMs+b+ c i F]ew smsabsi c i 2] ew sM s+b+i i
[ ]oa—4ibke. ;‘i [ ]qa—4bke. f I [ qg—4 vk. 1
ZeX 1] L N - Z4X —
L [ i g -'GC—J' i [] ]
10~ i . > 0.2 7 > [ ]
= L L -
1— _
= I
. A B T R 0 i s - D_ﬁ%ﬁ——l
-1 -0.5 0 05 1 —1 -0.5 0 05 1 -1 -0.5 0 05 1
,dec VH+dec
DQQ DVBF+dec D +

bsi



