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Pseudoexperiments

CMS-HIG-14-018

“Exotic” Spin Studies in Run-1
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CMS-HIG-14-018

J=0 parameterization: target measurements

® Two equivalent parameterizations: Effective Lagrangian 77
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Measurements: HVV and Hff

® Use VV=2H—-VV—=4/0 as an example of HVV studies CMS-HIG-17-011
MC and techniques: MELA / JHUGen+MCFM

In decay in VBF

® No Hff yet
not discussed today

AHSf) = ==L (kg +iRs5) s

Andrei Gritsan, JHU 5 8 May 2017



Measurements in Run1 and Run2

® Measurement of the properties of a Higgs boson in the four-lepton final state

CMS arXiv:1312.5353, CMS-HIG-13-002 .I:a3 |n H_’4‘Q & more hypOtheSiS teSting

Constraints on the spin-parity and anomalous HVV couplings of the Higgs boson in proton collisions at 7 and 8 TeV

CMS arXiv:1411.3441, CMS-HIG-14-018 .
a faz faz fa1 in HWW,ZZ,Zy* v*y* & testing

Limits on the Higgs boson lifetime and width from its decay to four charged leptons
CMS arXiv:1507.06656, CMS-HIG-14-036 " *
faq In H*—42 offshell

Combined search for anomalous pseudoscalar HVV couplings in VH production and H to VV decay
CMS arXiv:1602.04305, CMS-HIG-14-035 " i ; Pt F%[Jr]zz
faz INn VH(—bb) & combination

.fConstraints on anomalous Higgs boson couplings in production and decay H—>41

: C(MS-PAS-HIG-17-011 (also HIG-16-033) .
: fag faz fa1 fa14Y In H—4£4, VBF, VH

[]
. L
*

MELA / JHUGen+MCFM
o

@ Evidence for the spin-0 nature of the Higgs boson using ATLAS data
ATLAS arXiv:1307.1432 . -
Y hypothesis testing

Study of the spin and parity of the Higgs boson in diboson decays with the ATLAS detector

ATLAS arXiv:1506.05669 .
{faz},{fa2} INn H>ZZ, WW & hypothesis testing

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 arXiv:1602.04516: {fas} |n VBF(H_’TT)
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Summary of Measurements
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Summary of Measurements

HO SPIN AND CP PROPERTIES

TECN  COMMENT

DOCUMENT ID
e o We do not use the following data for averages, fits, limits, etc. @ o @

® Run1 in H—=VV (more on production, but same measurements)

VALUE

5.1fb" (7 TeV)

19.7 b (8 TeV) +

cMs CMS—HIG—14—018,CMS—HIG—14—O36
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Experimental Observables and Measurements

|a]?03

Measurements: fs=

a1 201 + |a2|205 + |as|203 + a1/ (A1)  + ...

(1= fan) 7_1k(JC)"‘fcm k(x +\/fan(1 fan) 1an(x Pan)

Optimal MELA observables in 3D fit

Po- _ Pinterference
Po++Po.- Po++Po-

production&decay information in each category

Dokg  Do-=
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VV—=H->VV—-4/0
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Experimental Observables and Measurements

CMS-HIG-17-011 , ,
category VBF 2 jet-tagged VH hadronic-tagged Untagged
Observables: target q9'VV — gq'H — (jj)(4¢0) g7 — VH — (jj)(4¢0) H — 4/

......... selection i DYEF or DYSFPM > 0.5 Dty or Dyt ™ or not VBF-jets |}
RN Dy or Dy M > 05 not VH-jets |
fibbs. | Dyyg, DYETHdec, DYEF Dikg, Dy 79, DG Doxg, DS, D |
faBbs. £ Doig, Dy’ ", D" Duog Doy Ditd | Do DS DI |
| s, | Dy, DY DYt | p pltiies pittas | p Dl pys |
/%iyi obs. é Dbkg/ Difly,VBF+dec, DS/th—i-dec Dbkg, ’D[Z\'erVH—i-dec’ Dgg_—i—dec Dbkg/ ,Di’ly,dec, Dgﬁi E

lllllll

2
Measurements:  fs = e C da-ag (%),

|a1|2(71-|— |a2|202+|a3|203+("7A1/ (A1)4+... a1
e ~Anomalous Coupling Effective Translation
' ‘Caupling ~ Phase Fraction Constant
:"‘5-1\:3"": B A.‘ a3 fa3 ": o1/03 = 6.53
e 1or2measurements :, : o fo | o/o =277
at a time (!) PA T g far P o1/op =147 x 104 TeV
oAz A Zy Zy i e 3 —4
t AT D Nt NG 01/ 0% = 5.80 x 10° TeV

|§_"| _ Vil fa X NJor /oy, fa=0—fm—fa—fo—..)
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Contact terms and HVV amplitude

PO arXiv:1412.6038 [hep-ph]

e M
(Fazz 20z
Pz(q7)Pz(q
" tiny SM
combination of A1 and A1 /
couplings in PO formulation couplings in AC or EFT formulation
up to 26 (?) contact terms Ky . (a1 _ Z%COS(PM) U & fas
in gq'~q’q”(H-40) faz
(e_g_ W’+US) egpz 0as fa3
- T o on
fr=eR, MR, TR,UR,dR,SR,CR,DR,tR = | €z/x 87 ; SR, 7 COS Pa1 T €T os ¢
fL= eL,IJL,TL, UL,dL,SL, CLabLstL — ‘.GZfL. _g];LQEJ/T 2(A1)? COS PA1 + e(UAle) COS (PAl
thanks to David Marzocca KT ; CMS-HIG-17-011
SM Zff
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Contact terms and HVV amplitude

® |In decay H—=VV—4£ and with £ flavor universality (ez,=€z¢)
contact terms (ezes, €z0) ~ amplitudes (A1, A1%Y)

19.7 o' (8 TeV) + 5.1 fb” (7 TeV)

e Perform 2D fit (A1, A14Y)
get (€z¢s, €z0.) or (A1, A1%Y)

fr1COS(9,)

I « (fa1,fa2) done in the past, can do (fa1,fa12Y)

couplings in PO formulation couplings in AC or EFT formulation

2
Kzz % (a1 — 2(11—12)2 COS 4’/\1) I & f/\1
€77 odayp az
e vas fa3
PELLILELEN o f R‘ oM vy Zoy
fr=€eRr,MR,TR,UR,dR,SR,CR,DR,IR = i €z/r: : —87 Ba, 7 COSPAL ez COS Py
E E E LE vmz vm2 4
fL= eL!uLsTLy UL,dL,SL, CL!bI—!tI— — ‘. esz . _g]; ﬁ COS (:bAl T eﬁ COS (PAlly
thanks to David Marzocca “ersanens : CMS-HIG-17-011
SM Zff
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Contact terms and HVV amplitude

® |In decay H—=VV—4¢ and with £ flavor universality (ezu=€ze)
contact terms (€z¢-, €zo.) ~ amplitudes (A1, A12Y)
® |n production+decay WW’+ZZ'»H—->VV -4/

flavor universality (SM) helps less (€zu=€ze~Ezu=Ezc~Ezd=Ezs=Ezb)
need both ZZ’ and WW’ fusion (ewy,Ewe,Ewu,EwWs, EwWd, EwWe,EWb)

we cannot deal with 14 ZZ’+12 WW’ (?) contact terms (still no FCNC)
opted to relate as in Zff and Wit

couplings in PO formulation couplings in AC or EFT formulation

up to 26 (?) contact terms K . (m _ Z%COS(PM) U & fas

in qq'~q'q"(H—40) fa

eg; Va3 fas

. S ”
fR=€R,HR, TR,UR,dR,SR,CR,bR,tR = : €ZfR_ 87 ; SR, 7 COS Pa1 T €T os ]
fLl=eL,uL, T, uLdusy, CLbLt = § ez =87 a7 COSPAI 5 7 cosgiy]
thanks to David Marzocca ROTIPS i CMS-HIG-17-011
SM Zit

Andrei Gritsan, JHU 13 8 May 2017



Contact terms and HVV amplitude

® |In decay H—=VV—4¢ and with £ flavor universality (ezu=€ze)
contact terms (€z¢-, €zo.) ~ amplitudes (A1, A12Y)
® |n production+decay WW’+ZZ'»H—->VV -4/

flavor universality (SM) helps less (€zu=€ze~Ezu=Ezc~Ezd=Ezs=Ezb)
need both ZZ’ and WW’ fusion (ewy,Ewe,Ewu,EwWs, EwWd, EwWe,EWb)

we cannot deal with 14 ZZ'+12 WW’ (?) contact terms (still no FCNC)
opted to relate as in Zff and Wit [expectation from HIG-17-011

10_{ |

\
\ \
\ \
v -~ Now
\

-2 Aln L

i 150 fb'1“‘\ , ,
e In Run2: Y -
most focus will be on production | T decay
need practical way to relate couplings R |
assume a4 = aWw
little difference to distinguish otherwise %<5
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CMS vs. AC vs. EFT vs. PO vs...

® There is absolutely no difference between

CMS vs. AC vs. EFT vs. PO 2 o e
except for treatment of the contact terms * ooty 0 |

llllllllllllllllllllllllllllllllllll
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a
_200<—<219 | ll \/faz/falx\/al/az/

aq
(3) Following Table[TT] we find that Anomalous Coupling Effectlve Translation

R L EELL 3 Coupling Phase Fraction Constant
: CP : —

B €77 / . as ¢a3 fa3 04| /0’3 = 6.53
: 4.10 < - < 4.38 o P> Fur (: )(71/02 57
*¢asssssssssssssnsananunnnst ) A1 Pa1 fAl 01/0a1 = 1.47 X 10% TeV_4

ALY ¢ - ol /75T = 5.80 x 10° TeV

faQVV, faBVV —invariant of notation, [-1,+1], meaning of cross section
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Issues (1) observables and (2) measurements

e Main issues facing experimental measurements: cus oy

otal
VVVVVVVV

Events / 0.03

.......

(1) how to optimize observables for max. sensitivity & | g2
typically limit to 1-2 parameters with ~3D fit o l 4

multi-parameter fits possible, e.g. 8D in H—4¢ 0 67:@
but limit to decay-only, not main focus, 13D not feasible yet =

CMS introduced optimal discriminants, ATLAS picked the idea (OO)
but do not need to agree between CMS / ATLAS

(2) how to reduce the number of free parameters & £
measure 1 or 2 couplings at a time
others relate (e.g. aiZ¢ = a¥W) or set to zero/SM

reality: not practical to measure all at once
agreement between CMS / ATLAS ? (mostly agreed so far)
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Issue (3) g2 validity

(3) VBF and VH limits are tighter than H—=VV
because of larger g2, cannot continue forever
possible to test validity e.g. with pt cuts (correlated with g2), but:

— not consistent between VBF, VH, H—=VV

: . . CMS-HIG-14-035 18.9 b (8 TeV)
— nightmare for experimentalists 218 cms VH expactad
(redo everything for each selection) ' =tz - coasioter
12:— ----- A=15TeV -+ A=12TeV
Adopted practical and coherent approach: qpewet 221 e
refit with a A2 cut-off on g2 , o8
(data fixed, signal model changes) .- o
‘‘‘‘‘ 0.4f
AL e
g / 7 ' 0.2r
2 2 2 2 3 \rjl,w,l\w o o o
(A -+ ‘ql D (A + |q2 |)) % 02 04 06 08 1

fZH
3
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Issue (4) extending to offshell

e ~10% of H—42 in offshell, additional (g1+g2)2 modeling

but we already deal with g2 modeling
CMS-HIG-14-036

19.7 b7 (8 TeV) + 5.1 b (7 TeV)

—~ 0.01
g

view as couplings for given My or &€
o

["w for given variation of couplings S 0.0

=
----- v 0 120
tested:: fAQ forglven [H -
* 0.005 1
" 5
:' 0015 20 40 60 8 100 120 O
' I, (MeV)
1 oo (G +w)?* L G+ ~
— L iPAQ _ a1l 2 2k ok *(1) *(2),uv %(1) 7%(2),uv
8 May 2017
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(5) We can relate the yields, e.qg. VH(bb) vs H=VV

Issue (5) relate the yields in combination

E

: Z+bb

12 CMS g2 iy
© — ZH (0*) x100 - ZH (07) x100
3 10 T —— Data
: 1 "----1----5 Z(ee)H(bB)
2}
5

-1

2 10

q
can get much tighter constraint ¢ m

but assumption ttH/bbH=const

and g2 validity

102 =
E? 1; - Pezee] Mé uncert.1 (stat.) |
3 1 +%+Hf
= 08
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VH: fas<1 at 95% CL.' 2
H-VV: f.3<0.28 &

74
24

Proper combination
(not Tevatron approach)
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40
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ttH/bbH=const
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L correlated u
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| —— ZH+ZZ observed
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CMS-HIG-14-035
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Issue (6) complex couplings

CMS 19.7 fb™ (8 TeV) + 5.1 fb" (7 TeV)
e Hermitian L => real couplings =>phaseOorm = . — Obsened g, 0or |
I E Expected, ¢_=0orx /]

amplitude could have complex effective couplings |
e.g. light particles in the loop (also g2 related...) .

e Experimentally: consistency of the data with SM ..

]
. 1
f.5 COS(¢,3)

check complex phases , 20CMS 1970 ETeV) rSi1 (T
. < T ___ ¢ _unconstrain ]
as a consistency test o 18y e .
C}', . '1’6 _1_ q)as, faz, ¢a2 unconstrained /-
e’ /:' —¢_,» f,, ¢, unconstrained
. . ¢¢" . '14-_'¢' )
tested arbitrary phases (profiled) = .-" /
/' ',' 105_ CMS-HIG-14-018 E
profiled other couplings and phases 8 P
61— ” _:
4?; ____________ 9_5/&
2:_ ezl 68% CL
% O Ry R—Y: 08
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Issue (7) dealing with the contact terms

e Current CMS approach: stick to flavor universality (“early stage”)
contact terms (€z¢-, €ze.) = amplitudes (A1, A\12Y)
works with £ flavor universality (ezu=€ze)
may perform (fa1,fa14Y) fit to cover full plane (€z¢., €z2.) explicitly

In production need to assume relationship (e.g. as in Vff)

e Expanding beyond flavor universality (*fadvanced stage”)

In principle trivial, can write anything in the amplitude
In practice analysis nightmare with ~14 ZZ’ + 12 WW'’ (?) terms

little sensitivity to distinguish
also note: we test 1-2 parameters at a time

there is also a developer nightmare: years of development already
iIntroduce as it becomes needed (with available statistics)
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Summary

e Experimental goal: consistency of data with SM thru measurements:

anomalous H couplings in == ? I;/_I__ ------ ==:__/-//—1171
both production & decay -\t 8

e Consistent with AC/EFT/PO framework
with flavor universality at the moment (but can extend as needed)

e Stay open to tests beyond framework (esp. common across LHC)

e Working model with (1) observables
2) measurements (and relationship)

(2)

(3) g2 range validity testing

(4) offshell approach

(5) yield relationship in combination
(6) complex couplings test
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BACKUP



arXiv:1309.4819

Snowmass 2013: anomalous H couplings  xwisiosset

Collider pp pp ete ete vy wptu~ | target
® Prospects: E (GeV) | 14,000 14,000 250 350 500 1,000 126 126 | (theory)
L (fb_l) 300 3,000 250 350 500 1,000 250

spin-2t | ~100c  >100 >100 >100 >100c  >100 >50

VVHT 0.07 0.02 V4 V4 V4 V4 V4 V4 <1075
VVH? 4.107% 1.2:107% 7-107% 1.1-100% 4.10°° 8.107% - - <1075
VVH® 71074 1.3-1074 V4 V4 V4 V4 - - <1075

VVH ggH 0.50 0.16 = - - - - - <1072

1 .............. l .................. l .................. | ................... | ....... ’Y’YH . . . . _ _ 0.06 _ < 10—2

HoVV [2F - Y - - - - - - | <1w07?
£ 208 D D %

______________ S R R W I = v 001 00l 002 006 < | <107

ttH arxiv:1606.03107 - - 0.29 0.08 — = <1072

[T IIIIII|
,_'..

upH — — — — - - - v <1072

I estimated in H — ZZ* decay mode

! estimated in V* — HV production mode
© estimated in V*V* — H (VBF) production mode

f
3,
o
o
>
L 111 IIIIi

b VH T g

107

1 0-6 | | | | | | |
bp Po e 8¢ ee ee
74 Tey 74 Ty 250 Gey, 350 500 1

4 300be: 3000fb7 ,250be
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