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e Motivation and e Limits

strategy — Production X

¢ Search via Vector branching fraction

Boston Fusion
production

— SM ratio and invisible
branching fraction

e Dark Matter

e Search with , _
interpretations

associated Z
production e Conclusions
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- Z > bb
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In MSM, invisible decays o Coupling to Dark matter

of the Higgs boson are
extremely rare:

B(H—>ZZ >vivi)~0.1%

Observation of substantial
invisible decay rate would

be definite sign of BSM
physics. Long list of

— Higgs sector allows direct
coupling to hidden sector
that is renormalizable

e Higgs portal

interesting invisible things ® Two approaches:

that a Higgs might decay
into:

— LSPs of SUSY

e Neutralinos, gravitinos

— Graviscalars (large extra
dimensions)

— Dark matter

Darien Wood, BSMHiggs@LPC, 2014

— 125 GeV Higgs has been
discovered — see how often
it decays invisibly

— Other Higgs states might
have substantial invisible
branching fractions, and
thus escaped detection so
far —scan Higgs mass
hypothesis looking for
invisible states

@) Northeastern University 3
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Invisible Higgs Detection method

ner-pe

e Problem: how to detect
a decay mode which is
invisible

— Need a recoiling system 102
to tag the decay

— Use associated
production with
forward/backward jets
(Vector Boson Fusion)

\s=8 TeV

LHC HIGGS XS WG 2012

o(pp — H+X) [pb]

IIIII| 1 IIIIIII| 1 IIIIlII| [N

1000
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Vector Boson Fusion

e Signature:
— Two jets at large

CMS Experiment at LHC, CERN

Data recorded: Mon Sep 17 04:50:40 2012 BST
Run/Event: 203002 { 1762672184

Lumi section: 1570

Orbit/Crossing: 411409864 / 423

MET =248.6 GeV

M(jj) = 3371.7 GeV

eta(jj) = 6.41

phi(jj) = 0.96

PF Jet 2

pT =90.2 GeV
eta = 3.63
phi=1.17

PF Jet 1

pT =173.5 GeV
eta=-2.78

phi = 0.21

Darien Wood, BSMHiggs@LPC, 2014

positive and negative
rapidities

Missing transverse
energy

@) Northeastern University



http://www.neu.edu/
http://www.neu.edu/

VBF selection

ner-e

e 2 jets:
— p+(j)> 50 GeV
— Opposite rapidity
— An(jj) > 4.2
— M(jj) > 1100 GeV Eur. Phys. J. C 74 (2014) 2980
~ (i) < 1.0 10° ows M
e Missing E; > 130 GeV 81os%i::;::;L=1g'5fb W
; E - ti, tw, DY(Il)+jets, VV
e \etos: £
— Any leptons (reduce it
W — fv + jets)

— Central jets with p>
30 GeV (reduce QCD

multiljets) 150 200 250 300 350 400 450 500
E™® [GeV]
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VBF background estimation

e Main background

Nepr-e

= 80 CMS unpublished .

G 70%_@:37:\,,“19.5751 .z::‘;":e? (Z - vv)+jets estimated
~ 605_VBFH(Inv)Z(II)enrlched B v by measuring / - U and
I=: o extrapolating with MC

i — Signal selection (without

including muon in
missing ET)
— Two muons 60 <
m(uu) < 120 GeV
o (W — fv)+jets
estimated by requiring
one e/p/t, and
extrapolating from MC

% 70 80 90 100 10 120
Mo [GeV] e QCD multijet estimated
by comparing regions in
M(up) in control region with missing ET w/ and w/o
relaxed selection (no CJV, central jet veto

no An)
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VBF results

ner-e

e Yields e Uncertainties

Process Event yields gource Total ba.c‘lycground Signal

: ontrol region statistics 11% —
Z(vv) +J(?tS 99 + 29 (stat.) + 25 (syst.) SO ittt 1% %
W(‘u’u)+;)et's 67 £ 5 (stat.) £ 16 (syst.) Jet/E}"™ energy scale/resolution 7% 13%
W(ev)+jets 63 + 9 (stat.) + 18 (syst.) QCD background estimation 4% -
W(mv)+jets 53 £ 18 (stat.) + 18 (syst.) Lepton efficiency 2% —
QCD multijet 31 + 2 (stat.) & 23 (syst.) Tau ID efficiency 1% —
Sum (tt, single top quark, VV, DY) 20.0 £ 8.2 (syst.) Luminosity 0.2% 2.6%

Cross sections 0.5-1% —

Total background 332 + 36 (stat.) £ 46 (syst.) PDFs - 5%
VBF H(inv.) 210 = 30 (syst.) Factorization /renormalization scale —- 4%
geF H(inv.) 14 £+ 11 (syst.) Gluon fusion signal modelling — 4%
Observed data 390 : :
S/B (%) 70

Eur. Phys. J. C 74 (2014) 2980

T *°F CMS VBF H— invisible 959 CL limits
VBF background esitmates (events) S [ Vs=8TeV,L=195f" —— Observed limit
N I Expected limit
L [ Limits I Expected limit (10)
B Z(nunu) o Expected limit (20)
®\W(munu) ° I % Oygr (SM)
OW(enu) 1=
| \W(taunu) B o
O0QCD mult. 05
mtop, VV, DY -
?00I — I‘15|0I — I2(I)0I — IZEI)OI — IS(;OI — I35|0I — I4'|-(|)0
my, [GeV]
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Z(€€)H(inv) - preselection

e Signature studied by both
ATLAS and CMS

e Common preselections:

— Pair of electrons or muons
with opposite charge

— Mass consistent with the Z

boson mass

v 8 LRI DL L LR L L AL L L LN AL L LR DL DL L L DL
"q:'; 10 ATLAS ® Data
> 7 _ _ 4 I Zvoson
& 10 Vs=8TeV, f_L dt=20.3fb e

106 ZH — baf + 1nv. - Top quark

5 ww -
10 B Wz evec Ginclr)
104 P zz - £ew, 42 (inclT)
I sM Higgs (m,= 125.5 GeV)

103 ------ ZH = ££ +inv,BR(H — inv.)=1

10°
Q
=
g _
m T T T I T T I AR T I A A A B A A A A v
O 50100 150 200 250 300 350 400 450 500

PRL 112, 201802 (2014) E [GeV]

06-Nov-2014

Eur. Phys. J. C 74 (2014) 2980

Darien Wood, BSMHiggs@LPC, 2014

e Dominant background

before Missing ET
selection:

— Drell-Yan Z—>228 (+jets)

|‘|||||\fl|\\|l||||||1|||\lllll\fl\\flllll\ll\ll
10’ CMS —e— Observed

106k Vs =8 TeV, L=10.7 fb! __ ZH(m, =125GeV),
B(H — inv)=100%
Z(Il) H(inv)

\:| DY(Il)+jets

l:l tt,tW,WW, W+jets

Events /GeV

0 100 200 300 400 500
ETSS [GeV]
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Background estimations Z(¢¢)H(inv)

ner-pe

e DY (+jets) background: e Backgrounds without

dominated by fake resonant Z — ee, uu
missing E; — hard to are estimated from eu
estimate from MC events in data
— ATLAS — extrapolate - WW,tt, Wt,Z - 1T
fromni'i‘jseba”d Feglons o 77, WZ estimated
in [EFSS —pr(60)]|/ from MC
pr(£€) and
Ap(ER'SS, plpiss)
— CMS—usey + jets
data to model MET in o 7 £ 9
Z + jets -
e Photon pT spectrum 4
reweighted to match Z q it 4q T
pT =
06-Nov-2014 Darien Wood, BSMHiggs@LPC, 2014 @) Northeastern University 10
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MET >90 GeV
A¢p(£¢, MET) >2.6
[EFS® = pr(£D)|/pr(£)  <0.20
Jet veto <1 jets, p>25 GeV
Aqb(E’}niss’ p¥1i53)>0_2’
Ap(£f) < 1.7
Backgrounds 163
Signal (100% B(inv)) 53
Observed 180
Wets,
ATLAS W\é\gtt’ - OJ'3 ZZ(llnunu
), 111
Wz, 31
06-Nov-2014 Darien Wood, BSMHiggs@LPC, 2014

ATLAS CMS

>120 GeV
>2.7
<0.25

<2 jets, p>30 GeV, veto b-
jets > 20 GeV

138
35
134

DY

WW, tt 4%

6%

CMS

wZz
26%

ZZ(llnunu

)
64%

- Northeastern University 11
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o ATLAS Eur. Phys. J. C 74 (2014) 2980

’lllllll\l‘lllllllfl‘l\ll'lll\[l\l\llll!’

L CMS —e— Observed

1-D: MiSSing ET 60-_ - i ZH(m =125GeV),

- 's=8TeV,L=19.7fb"' ___ BH — inv)=100%

Y CMS 5ol Z() H(inv) [z
8 TeV: 2-D: transverse
mass vs. Ap(£4)

7 TeV: 1-D transverse

Events

I\IIIIIIl\IIII\\\II\\JII\\JI'II\

Mass
Er e ; - —

PRL 112 201802 (2014) %0 300 400 500 600 700 800 900 1000
> L L B R B m; [GeV]
&10° L— ATLAS ® Daa g T
o E \S STBV ILdt=203 ‘fb’1 - ZZ — #evv(incl.) E 1) TT T T[T T LA L L L B
« o ZH = £F +inv. B vz - cvesincln - g - &
2 100 e | ERTArEs: = & [ Cms —*—Observed 1
e B = N - e 3 e TeV,L=19.7 fo' ___ ZH(m =125GeV), " |
- T m Y. W+ jets, multijet, semilep. top | Z(") H( ) B(H — inv)=100% _|

10 S | SR TR ZH — £¢ +inv., BR(H — inv.}) = 1 inv 7z
= B 80 § L

- DR [T &0 D DY(ll)+jets ]

e 2F [ dtwww,wajets -
¢ 155 P N
i oo ]
g 055 1
= 100 150 200 250 300 350 400 450 20/
E|_1r1\ss [G eV] L =
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Z(bb)H (inv.)

e Analysis closely based e Missing ET cuts to
on CMS search for suppress QCD multijet

Z(vv)H(bb) background

e Select a pair of jets
consistent with a e

Selection
- . Low pr Intermediate pr High pr
/ ( b b) hyp othesis Ep™ 100-130GeV  130-170GeV  >170GeV
Pr >60 GeV >60 GeV >60 GeV
. . Pr >30 GeV >30 GeV >30 GeV
— Pq, INVA rlant mass ph >100GeV >130 GeV >130 GeV
M;; <250 GeV <250 GeV <250 GeV
— _ 1 CSVmax >0.679 >0.679 >0.679
b taggl ng base on CSV CSVmin >0.244 >0.244 >0.244
N additional jets <2 = ==
) N leptons =0 =0 =0
Veto I e pto n S to A¢(Z,H) >2.0 radians >2.0 radians >2.0 radians
AP(ER™j) >0.7 radians ~ >0.7 radians  >0.5 radians
suppress ttbar and WZ  a¢Er= Er=) <05radians <05 radians <025 radians
ET"* significance >3 not used not used

06-Nov-2014 Darien Wood, BSMHiggs@LPC, 2014 &> Northeastern University 13
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Z(bb)H (inv.)

e Background normalized

45 CMS E gb_si"ed
. F Vs=8TeV,L=1891b" eiets
in seven background- 401 268 M) Wit envichod B
c @ acp

35:_ N vv

aes
Er

enriched control
regions:
— Z+jets (0,1,2 b-jets)
— WhH+jets (0,1,2 b-jets)
_ tf Exampl_e:
W + bb

Events / 15 GeV

e Finally, Boosted

. : trol
Decision Tree (BDT) is fgg;c:ﬁ. )
used to distinguish &8 :
signal from background T R RN

p(ii) [GeV]
Eur. Phys. J. C 74 (2014) 2980

intermediate pr | High pr

Background 404 6514 181+10
Signal (B(inv.)=100%) 1.6+0.1 3.6x0.3 12.6+£1.1
Observed 38 61 204

06-Nov-2014 Darien Wood, BSMHiggs@LPC, 2014 &> Northeastern University 14
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Z(bb)H (inv.) - results

o section (for 100% B(inv)
— Set limits at m=125 GeV)

Eur. Phys. J. C 74 (2014) 2980 — Expected 2.0xSM

1_- | LI I T T T | T 1T I 1T | TT | 1T I T TT | 1_- 105 T | T 1T | T 1T I I I T 17T I T 1T I L I 1T I T I_E
S 5L CMs e o CMS O s,
;; ls=8TeV,L=18.9 fb" Do =~ 10* (s=8TeV,L=18.9fb" E o o,
g 104 - Z(0B) H(inv) low p, Ew..e., ..g Z(bb) H(inv) highp_ — . e
o, tw B v 1
= 3 B oco G>J 1 03 B oco _E
L 10 B w L B w ]
1 02 1 02 [ vHeeB _E
10 10 <
1E 1 2
1 0-1 ;E 1 0-1
102F
N 107
27
07 08-06-04-02 0 0204 0608 1 b
BDT output -1 -0.8-0.6-04-02 0 0.2 0.4 0.6 0.8 1
BDT output
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Limits from ZH modes

ner-e

e Limits on ZH production
times B(inv.)

— Applicable to non-SM Higgs
searches with some caveats

PRL 112, 201802 (2014) Eur. Phys. J. C 74 (2014) 2980
a L L e e = 18
g 00} ATLAS ) 1 8 F cms 95% CL limits
S N y 2H.SM ’ < 8 Combination of Z(bb)H imi
Z 500 = s=T7Tev, [Ldt=451" — opserved 95% CLIimit— & - and Z(I)H, H— in(vis)ible _______ gbser\t/eéj ll.lm.ltt
£ [ Vs=8TeV,[Ldt=203f" Expected 95% CL limit (I {s = 8 TeV (Both ZH channel Xpoctec im
= L ZH- ¢t +inv. P 1z | 's=8TeV (Both ZH channels) wuuy Fynected limit (o)
© 400§ ° I T 12F L=189-19.7 b
M E - ] < F o=_ Expected limit (20)
> ] 2 ] £ Vs =7 TeV (Z(IHH only) .
T 300 - { c - L=491b Gz Oy (SM)
© . 08—
200 —; 06l
100 = 04 P
B a 0.2
0' PRI R SR N N S SR | |I-lr-;-'l-"l''I"'I"rl-ll-L ------ - E| | | | ] | | l L
150 200 250 300 350 400 0105| |110| L1 |115| L1 |120| L1 |125| L1 |130| L |135| L1 |140| i:(la |1\4I5]
mH [GGV] ITIH e
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Normalized limits

e Normalized Limits can be interpreted as limits on
B(inv) assuming production is same as in SM

e ATLAS (m,=125.5GeV) ¢ CMS (m,=125 GeV)

— B(inv)<75% — B(inv)<58%
— 62% expected — 44% expected
L1 L ) Eur. Phys. J. C 74 (2014) 2980
Q g — Observed 7 Q% - CMS 95% CL limits
- - ~ @ Expected I~ "®E" Combination of VBF and Observed limit
68% CL uwmmnmsoummmmitmsmssson TN ? 1_6;_ ZH,H — invisible Expected limit
| T b fs =80V (VBF +2H) I Expected limit (10)
107 q % ref s 7TeV, (Z()H only) Expected limit (20)
- . ] - L=49
95% CL «........................................................................................‘...‘ --------------------------------------------------- !
- ATLAS ‘ ] tVBF &ZH - £, bb + inv
- \s=7TeV,[Ldt=45fb" . “oE
o 's=8TeV,[Ldt=20.3fb" 081
F ZH - {’f + inv 1M
T 04 06| J |0J8| Ly ‘1r 0.2:—I | | | | | |
0 02 . .
115 120 125 130 135 140 145

TR
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Indirect limits using constraints from visible decays

ner-pe

(see talks from N. Wardle and K. Schmieden on Monday)

ATLAS direct+indirect CMS indirect
. 0 At
Observed (expected) 95% CL limit: Obser\£<3/954 ;"WCL limit:
37% (39%) 0 (42%)
CMS-PAS-HIG-2014-009
ATLAS-CONF-2014-010 10 19.7fb" (8 TeV) + 5.1 16" (7 TeV)
E_ __I T | — | — I — | T | T I — T | — T I T | —T I__ J |||||||||||||||||| | |||||||||||||||||| | ||||||||| E
z 145 ATLAS Preliminary hosyrZZWWe o b, ] = 9 EIVIIS Observed 4
= 12 - J- B Zh >l + E]rr_\iss : ] Q 8 : re fm."nary == E)(p fOl’ SM H n
o F \s=7 TeV, | Ldt=4.6-4.81b s — e, ] C‘I\I Ky Kgy BR.oy .
10 — 1= 8 TeV, J. Ldt=20.3 fb‘1 h— 7, ZZ", WW*, 11, bE - 7 :_ =
8 ;T [K.'F’ K.g:l BHI ] ---Obs_ ---exp... _f 6 ;_ ’,' —
6 . . > E
- . 4 =
G s S Sy g s s ] g
o ] St E
o R L 3 of -
oL TRNE, 3> L | i s
-1 -08 06 04 0.2 0 0.2 04 06 08 1 1:
BRI 0 P L=t AN EEREE N IR EEEE, liiiiiaaas FEENEEEEE
0 0.2 04 0.6 0.8 1
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Dark Matter Interpretation

ner-pe

e |f DM couples to the e Applicable when the

Higgs, then this mass of the DM
provides a natural particle, ¥, is less than
source of invisible half of the Higgs mass
decays . y

| e
e |In the context of the \Y"
F""'rrl h

Higgs Portal DM

scattering

models, constraints N//L\\ N

on B(inv) can give
constraints on DM- X
nucleon cross sections

Higgs portal: Patt & Wilczek, arxiv:hep-ph.0605.188; Djouadi,
Lebedev, Mambrini, Quevillon, PLB 790, 65; Djouadi,
Falkoski, Mambrini, Quevillon, Eur. Phys. J. C73, 2455

06-Nov-2014 Darien Wood, BSMHiggs@LPC, 2014

decay

@) Northeastern University
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Dark matter limits

ner-pe

e Upper limits on spin-independent DM-nucleon cross sections

e More sensitivity than direct DM detection experiments in low-
mass region in context of Higgs portal DM model

Input: ALTAS direct+indirect limit, Input: CMS direct limit, B(inv)<0.51
B(inv)<0.37 @ 95% CL @ 90% CL

Cr‘ TTT T T T TTTT T T T TTTTT T T T TTTT
E 10 b | = 1
§0C ATLAS Prelfiminary 7 g 10 g
Z 1041 J & 10?2 ‘/// ZH, H— invisible CMS
o) L. ] = af //// Vs=8.0 TeV, L = 18.9-19.7 fb' (VBF+ZH)
1043 [ e, N Y 10 , \ \ \s=7.0TeV, L=4.9 fo" (ZH) B(H— inv) <0.51 @ 90% CL
0 F : o) 4 - 7, my, = 125 GeV
— N NI T ] (- 1 0 \\\ ,"'; '
45 N s / > / e et ILILEE N O 5 . 0“\
0% 22 1 2 10 U
e —
s = O
10471 i L1008 10t A N TN
= \s=7TeV, [Ldt-4.6-48f" = ] . NS
= \s=8TeV, [Lat=2031" | o 10 N b
1 0-49 — — [7))] 8 \ \ "l
B h—=yy, h=ZZ" =41, hsWW* vy, | E 10 _,_._.-.-.h ______ Ny T 4 - ___‘_____,_.____:_-—-__:'.‘-‘:’ =
™ h—»t, hsbb, Zh—lI+ET"™ . o oF ~. = T e
107 . B 107 E=—=—= = =mmTTT - clan [0 CRESST 20
| [ DAMA/LIBRA (99.7% CL) ATLAS (95% CL) in | - 10 fermion  _.-= -~ —— - XENON100(2012)
10 - I CRESST (95% CL) Higgs portal model: 7| 8 10" - ~=" e XENON10(2011)
- [C_J1CDMS(95%CL) ... Scalar WIMP - A =" _—=""Vector - == Min D A 0sc
5 — Sgﬁg\& ((Jgogcgj/CIé)L “zzz Majorana WIMP - (j) 10 =" Latice T2 cgsiﬂlﬁglgiﬁg?ct
- | LA ] - -~ - CDMS(2013)/95%CL
10 — (90% CL) 8 Vector WIMP - — c 1012 —meMax ) counteos
~ —— XENON100 (90% CL) B i ez courbio:
_57_ """" LUX (QSO/OCL) N E -13 Lol 1 1 1 Lol 1 1 1 L1111
10 N I 1 | L1 1 111 ‘ 1 1 L1 1111 | | 1 11 11 IT’- D 1 0
1 10 102 10° 10 107 1
m, [GeV] Eur. Phys. J. C 74 (2014) 2980 DM Mass M, [GeV]

ATLAS-CONE-2N14-N1N
B to o relations from Djouadi, Lebedev, Mambrini and Quevillon, PLB 709, 65

06-Nov-2014 Darien Wood, BSMHiggs@LPC, 2014 @) Northeastern University 20
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06-Nov-2014

Summary
LHC is sensitive to e Limits on B(H->inv) at
invisible decays of the 95% CL
Higgs through — Direct: B<58% (CMS,
associated production VBF+ZH)
modes with — Indirect+direct: B<37%
— Jets (VBF) (ATLAS visible + ZH)
— 7 (88), Z(bb) e |n the Higgs portal

model of Dark Matter,
these results
interpreted as limits
on DM-nucleon
scattering cross
sections

Strongest mode is VBF

@) Northeastern University

Darien Wood, BSMHiggs@LPC, 2014
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BACKUPS
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]

8 | CMs 95% CL limits
B F" Combination of Z(bb)H Observed limit
? 1af- and Z(I)H, H— invisible Expected limit
T b a2 Expected limit (1o)
x [ s=7TeV (Z(I)H only) Expected limit (20)
© T L=49t" %% o, (SM)

08—

TTT

o

105 110 115 120 125 130 135 140 145
my [GeV]

06-Nov-2014 Darien Wood, BSMHiggs@LPC, 2014

Type  Source Background Signal
uncertainty(%) uncertainty(%)
PDFs 5.0 5.7
Factorization /renormalization scale 6.4 7.0
Norm. Luminosity 2.3 2.2-2.6
Lepton trigger, reconstruction, isolation 2.7 3.0
Drell-Yan normalization 4.8 —
tt, Wt, WW & W+jets normalization 1.0 —
MC statistics (ZH, ZZ, WZ) 1.8-3.8 3.0-4.0
Control region statistics (DY (££)+jets) 0.6-1.2 —
Shape Control region statistics (tt, Wt, WW & W+jets) 2.0-3.8 —
Pile up 0.2 0.3
b-tagging efficiency 0.2 0.2
Lepton momentum scale 0.9 1.0
Jet energy scale/resolution 2.4-3.1 2.6-3.2
ER'** scale 1.7-2.9 1.4-2.3
Type  Source Background Signal
uncertainty(%) uncertainty(%)
Luminosity 0.9 2.6
Factorization/renormalization scale and PDF's —

Norm. Signal pr boost EW/QCD corrections — 6
Background data/MC scale factors 8 —
Single-top-quark cross section 1 —
Diboson cross section 4 —
Trigger 1 5
Jet energy scale 4 3

Shape Jet energy resolution 3 3
ER'** scale 1 2
b tagging 7 5
MC statistics 3 3
MC modelling (V-+jets and tt) 3 -

%) Northeastern University 23
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CMS Z(¢Y)H (inv) preselection
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ATLAS Z(¢?)H(inv) — DY Background estimate
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Zhou, Khechadoorian,
Whiteson and Tait

Reinterpretation of
CMS stop search

— CMS, Eur.Phys.J. C73,
2677 (2013),
1308.1586.

Signature: tt + EFUSS

Observed (expected)
95% CL limits on
B(inv):

— 0.40 (0.65)
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Conversion from [(inv) to o(DM-N)
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