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Topics covered 0 Hong (&5
Higgs — invisible H-mnnn- <

\ X°

Why Higgs width

Indirect via>. Direct via

Overview :
couplings \_searches

Key analysis VBF H = WIW*

| worked on this in Run 1

VBF H —invisible

I’m working on this for Run 2

Key background tt—= WbWb \ Z— wv

ATLAS-centric talk (will point out v. CMS) Future



Warning = measurement Hong ()

“We apologize... for having no idea what is [m4]... For these reasons

Pittsburgh

TSy

do not want to encourage big experimental searches for the Higgs...”
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Nucl. Phys. B 106 (1976) 292
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ATLAS & CMS LHC Run 1
Phys. Rev. Lett. 114 (2015) 191803
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125.1+ 0.2 fixes width & SM branching ratios A


http://www.sciencedirect.com/science/article/pii/0550321376903825

Is large Hi2s— invisible motivated? Hong (€3

Pittsburgh 4

Let’s review the Higgs width

Tree relation . < Loop relation I
for massive for massless

> CERN Yellow

N i Report (2014)

A

0 1 2 3 4 5
Higgs width in MeV (for my = 125)

Hizs = 4vis tiny at 0.1% B.RA



Higgs is so narrow because 125 @

ot . .
‘ \\16‘0066966 Fermion mr mean tiny
S e -
A\ 5\)\)@ . m\N,z\ _ Yukawa couplings e
08~ «? (t large, but my < 2+ Migp) o0
G 0
< < > <—>
yy  CERN Yellow
N Report (2014)
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0 1 2 3 4 5

Higgs width in MeV (for my = 125)

Higgs width is tiny!
1000x smaller than W/Z at ~2 GeV d



O(MEV) IS H'G’FH’I‘?*'EGSO“GID'E Curtin, Essig, Zhong, 1412.4779 (2015)

Curtin +12 others, 1312.4992 (2014)

C Lo o2 Chang +3 others, 0801.4554 (2008)
Terms EH S? are allowed Silveira & Zee, PL B161,136 (1985)

. ) . and many many more papers
(H ), - S «H2is SM Slnglet, dim.-2 op. including by Hooman & Tao
‘s’ - Fully renormalizable

H- 'S «©(0.01) coupling = ©(MeV) width

CERN Yellow
Report (2014)
I_
Invisible
Current 95% C.L. limit

5
vector bosons fermions invisible
< L > < >
Hong Measure these branching ratios Search for this

%‘,ﬁ; Pittsburgh to indirectly limit invisible to directly limit invisible d


http://arxiv.org/abs/1412.4779
http://arxiv.org/abs/1312.4992
http://arxiv.org/abs/0801.4554
http://www.sciencedirect.com/science/article/pii/0370269385906240

Hiding in the couplings Hong ({&

Pittsburgh (8=’

Measurements

number of events

ratio w.r.t. expected events

ratio w.r.t. expected coupling

invisible branching ratio

Interpretations



Hiding in the couplings Hong

Pittsburgh \(ase’

Relating N —
7 . Summary table

ATLASH—-WW*
{s=8TeV, 20.3fb™
(s=7TeV, 4.5fb"
(a) nj= 1, ept+ee/uu
¢ Obs=stat
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8 vv
| Top
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2 ¢ Nexpected
1 Nexpected
O- Nexpected
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> Signal strength ()



N event yields Hong

Pittsburgh
My rough estimate of events in the peak (don’t read plots!)
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Events / 10 GeV

From N - u

Combine all channels

Summary table —(uu, Zy, ttH)

ERSITY
) ¥
S el O,
’ 2 A
(7 - \)
V0 Mkl
V AR R SR A 4
n M I

0\ V- I ’,‘f‘a
Pittsburgh N4

wb ATLASH- W™ ATLAS
o B T WW 8 B, EPJC 76 (2016) 6. Fig. 1
4005— ‘ ;z:(;gisyg—f 5 = 60 ... ; . . .
2005— E?o:zid — kag ~ 7K yy =
0:50 100 150 200.0250 : NSig ~ 500 .
Ove T
7 [ =
Combination 5
WaTLAs = 1.18 £0.15 WW 3
Hcvws = 1.00 £0.14 Ove
o TT a0
Breakdown l 15% :
L Run 1 Ove
Systematic 0.07 _ E—
: NoHiggs| 1 2 3
Higgs theory 0.07 «

Sig. strength ()

y.



From N— u— k Hong (S
Pittsburgh \Js
Example of VBF WW

Summary table —(uu, 2y, ttH)
ATLAS

20.3 fb1 (8 TeV) +
4.5-4.7 fb(1 (7e-|-ev EPJC 76 2016 6 F.I 1

KFermion — 1 +20%

T2 NoHiggs 1 2 3

Sig. strength (u)

K Vector boson
12



From N - uy— k= Biny Hong
Pittsburgh
Add a term to the full width

WERSITPR
P TR R
‘\@/’
2 L] 48
LTsBURS

Summary table —(uu, 2y, ttH)

ATLAS

20.3 fb'! (8 TeV) +
4.5-4.7 fb(1 (7e-|-ev EPJC 76 2016 6 F.I 1

You can approx. 1 — Bin by hand Value CL Naor
@ Write down 10 Apip = 0.127 10 | 1
@ Rewrite 10 as 68% limit for 1 d.o.f. |Biny < 0.127 68%| 1
® Rescale *2 as 95% limit for 1 d.o.f. | Biny < 0.254 95%| 1
@ Rescale by Vp(x2,dof) =2 for 8 d.o.f. 95%| 8
® Compare with ATLAS full fit result | Bijny < 0.49 (0.48) |95%| 8

13



From N = y = k = Binv Hong (g
K fit with BSM

8 parameter fit with “invisible”
ATLAS & CMS

LHC Run 1, Preliminary

— Ktau

. Kbottom
Why do we say “BSM”?

Kgiuon
Technically includes “undetected.”

——H— Kphoton
Examples are H — soft jets. Bgsy limit

If assume zero, then = invisible.

Using couplings alone, indirectly limit Bgsy < 0.34 ATLAS+CMS
(0.35)

14



Closer look at pggrv. Mvsr Hong ((:.c))

Pittsburgh =@

WW and yy are similar size circles in
CMS ATLAS

st ooy EPJC 75 (2015) 212, Fig. 5 36471 (o1ov) EPJC 76 (2016) 6. Fig. 5

I I I I | I I I I | T IEE\':lll_lI;,YYltajggledl_ IIII|IIII|IIII|IIIIIIII|IIII|IIII|IIII|IIII
or H— ZZtagged

"9 o5 H— WW tagged |
B H — trtagged |
—4 H — bb tagged -

{ SM Higgs

LveF

7 | Combined
i my = 125.36 GeV
| | | | | | | | | | | | | | | | | 1 | ||||||||||||||||||||||||||||||||||||||||||
1 0 1 2 3 0 1 2 3
Hggr = LittH (LvBF,VH / UggFttH)observed / ()expected

W strongest input, establishes VBF productionA



Closer IOOk at KVectorboson v- KFermion
“The most precise determination of Kk, and k¢ is obtained from WW.”

CONF-2015-044 / HIG-15-002 (2015)

H— vy
H—ZZ
H—-WW
H— bb

H— 1t

Combined
* SM

+ Best fit
—68% CL
==95% CL

KFermion

| e M
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0 7 A
Pittsburgh \éw
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JERSIT)
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¥ Y
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No VBF ZZ — not bounded above \
_I T | T | T | T | [ TTT | T | TIT T |l (I | T | (I I_ Loop & |n‘terference
. ATLAS & CMS VY4 -
: L;C Run 1, Preliminary ZZ : Upper bound for
: | ww, but not ZZ, yy?
- 1 Answer VBF WW.
B 1.5 7
5 :
I Combined
~ 0.5

0.6

1

1.4

K Vector boson

“At first look, the LHC is unlikely to ever get to 6% sensitivity.”
PRD 86 (2012) 095001, received 18 July 2012 A


https://cds.cern.ch/record/2052552
http://dx.doi.org/10.1103/PhysRevD.86.095001

(ERSITp
iﬁ\\ ,O/
d Y
() J,
AI LA \") M Hong ((i:.:))
L s )

Pittsburgh
Compare the expected contour. Here | overlay them by hand.

_I T | T T T | T T T | T T T | T TTT | T | T T | T | T T I_ ~ i-l OO/O
H— vy - ATLAS & CMS »y |1 CMS/ATLAS
H—ZZ — LHC Run 1, Preliminary ZZ . :
H—WW —2 ~ ~60%? CMS
H — bb i . qx’s |
i W9 P ] R
H—tt - «\y f |
Combined - @ _|
* SE/Im " [T L - ~ 40%
i i ATLAS
+ Best fit i : 3
—68% CL  KFermion |- 1 S B § A enerrnnnanee
+-95% CL - : l l
- 0.5 i ~~30%
- = CMS/ATLAS
B 0.6 1 1.4 1.8 |
1 1 1 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 | | 1 1 |
K Vector boson

Difference in the upper bound in Kemin is due to VBF WWA



Physics of VBF H - WW* — evuv  Hong ()

Pittsburgh g

LHC is a vector boson collider
e Energetic jets, large n gap
* No hadronic activity

p? > mjj, Anjj, Neentral jets —
* [trejection

> . > Myj, ZPT

e %
H wt H W-

P, Y Vector boson 2 Q j
t

* Higgs spinless

* W violates parity
e > mTt, Mee, ADer

Cahn and Dawson, PLB 136 (1984) 196
Fig. 1. Higgs boson production from virtual

vector boson pairs (V = W or Z). ATLAS uses BDT & reject ggF Higgs
CMS uses mys & keep ggF HiggsA



http://www.sciencedirect.com/science/article/pii/0370269384911808

TERSITY
(*\\ 1 O,
c; A Y
(7 ° ° \“
] |/
AW e A

Pittsburgh W, =24
Activity Jets

@ No color near H . Jets widely
VBF Higgs —éW

----- w* No extra jets inside separated

0 0

g0 0
/4
tt > WbWb ? Hadronic activity § | Jets not as
g . separated
d

7 0
Z + jets & Hadronic activity § | Jets not as
separated

@O

.'7 A



VBF - H— WW* > evuv Hong (@

PRD 92 (2015) 012006

Pittsburgh

Run 214680, Ev. no. 271333760
Nov. 17, 2012, 07:42:05 CET

A EXPERIMENT
http://atlas.ch

20



Transverse mass

(ERSITp
(*\\ 1 O,
)

() . )
v )
Y = M
AR v

LI TSRURS

. ol /)
Pittsburgh .=

You can see with your eyes a broad peak for signal

0+1jet H-WW—lviv 2jet H-WW*—>evuv
ATLAS Run 1 ATLAS Run 1
%6005— ' ) - -
-#- Data 2011+2012 © 3 4 > I Hyvsr
~ Total sig.+bkg. il 99F Of L e
B SM Higgs boson %_ S /
m,, = 125 GeV 3 54} 2 75
% ww 3 5 4
tt =
C 2 -
[ Other vv tt e
[ ] Single Top 0 . ww ==
] W+jets 50 100 150 200
m zv

mr

60 100

140 180 220

Difficulty estimating tt, leading systematic

y.



Variables for VBF H & WW* = evuyv Hong ()

Pittsburgh =@

Three groups of variables

Higgs decay ©u
*Mr=MmH // e __H
* me small : .
* AQD{{? small Transverse mass Dilepton mass Lepton ¢ opening angle
: : bkg , : SI9
VBF ?onflguratlon Q R~ e
* mj Iarge longer tail N S
- Ayjilarge
* centrality of ¢¢ Dietmass  Jetn opening angle  Decay 7 centrality
Top quark 4+ Miop
- Xpr
* Xmy; of lep-jet

Momentum imbalance Top mass estimator

We tried &(1k) variable combinations & matrix element methodSA



Multivariate analysis Hong (..

Pittsburgh g ==
BDT can be thought of as an S/B grouping of cut-and-count bins

Cartoon of methods  Resulting distribution

ATLAS
Vs=8TeV, 20.3fb™

~ Exp = syst U Top
— Hyge (1) B W
B DY
W H o
O Misid

Cut/count y Events/0.2

3
2

1

B vV
“Cut-based” 0.5
bini 2 3
€------ »>< > < ><—>
BDT unused bin 1 bin 2 3
BDT score

Achieved 2-to-1 ratio of S-to-B

A



Difficulty estimating tt— WbWb Hong (.2}

Pittsburgh =@

Can’t reject b jets where there is no tracker

Higgs x2000

3000F Events
/02

tt in tiny
[ corner
20001 of p.s.

1000:

INieading jet

| >
tracker, can’t b-tag
can veto outside tracker

VBF
Higgs

tt in
signal
region , - |, outside
(~80%) I " tracker

tt in
control
sample |

tracker == pum i

Only Np-tag= 1 faithful, extrapolation good to 30%

A



ATLAS v. CMS

Comparison of a sensitive eu bin in Run 1

Not the fit distributions, but representative samples.
Observed S-to-B

in this bin

CMS top ® \09 VBF Higgs ~0.6
/ 0
Observed Events / 25 fb-1

PR ERSITY
(’\\ : O
¢ iy \
v \)
0 kAR
v ¥
A A

Pittsburgh Nt/
N ’/\ \\%\ ”
ittsburgh Ny

Final AL/ lUexp

~ +(0.40

~ +0.90

Small statistics, room for improvement in Run 2

A



PRERSIT)
\‘}‘\ 5% : O,
I f H 0 n Y A0
I g v ]
n N
G\ N 7 Hy

Pittsburgh =@
Back-of-the-envelope using the most sensitive e bin with 25 fb~

All contributions scale up by a factor of 2-3 for Run 2
Observed

Higgs "

< .
ATLASR2 X "y @i\\q@c’ VBF Higgs
guesstimate

0 3 6 9 12 15
Events / 25 fb-1

Have 30 in Run 1, will likely approach 50 in Run 2

A



VBF Higgs established Hong ((:.:)

Pittsburgh =@

VBF H - WW* VBF H —invisible

@ Estab. SW ® Assume @ Search

Many similarities
« Higgs prtheory

« VBF jets

« MET




- Hong (i
Topics covered 0 Hong (&5
Higgs — invisible H-mnnn- <

\ X°
» y

Indirect-wa\_ Direct via

< %
couplings \_ searches Run 1 = 30%

Overview

Key analysis VBEH=WA~ N\ VBF H —inv VBF WW best for k

Key background Z- vv

ATLAS-centric talk (will point out v. CMS) Future

28



Direct searches Hong (fi:.:)}

S Pittsburgh
VBF is dominant, not comprehensive K
Qolo“ S _
9 w®7  Z— ¢t considered best
o prospect for a while
Aun-1 Observed limit

ATLAS M

// Expected limit

CMS

VH, Z— ¢ & V—=qg

0 25 50 95% CL limit on the inv. BR

Why are the two VBF results so different?

A



VBF history

(ERSITP
i*\\ : O
al A Y
o n /| o o \‘\"
v
¥ )
n N
L0y ©

Pittsburgh N, =24/

The crux of all these differences is on estimating Z — vv

Qun- | 2oL
VBF 28
ATLAS
Bun-|
VBE
CMS VBF re-do a year later
VBF hypothetical #

0 25

“If (CMS normalized Z using W similar to ATLAS) it would be ... 33%.”

o)
60\66 o°
e 0%
l\\((\\ l\\((\\
.58
L 555 EPJC 74 (2014) 2980, accepted 07/13/2014
o/ CMS-PAS-HIG-14-038, 04/07/2015
p11 of the doc. on the prev. line
50 95% CL limit on the inv. BR

y.



Physics of VBF H — invisible Hong (..}
Production established by WW*
* Energetic jets with large n gap

P ’
P,
=
a y
H
P, ¥ector boson
—)_
Q b

Cahn and Dawson, PLB 136 (1984) 196

Fig. 1. Higgs boson production from virtual
vector boson pairs (V=W or Z).

Not as many handles, background est. crucial

arbitrary norm’n

Pittsburgh =@

* No hadronic activity

* mj, Anjj, Neentral jets

* MET = Higgs Pr

Trigger & QCD
‘ makes us cut here
k@x\
’%@9@

0 125 250 375 500
MET

y.


http://www.sciencedirect.com/science/article/pii/0370269384911808

TERSIT)
(*\\ : Op)
9 H .‘; I :.‘
v oliile )
0 n g ¥ Y
L WAV 4

Pittsburgh \\.orld
ittsburgh Ny =4

The problem is invisible

Disappears
- Can only measure recoil oy H X
- Decay products conserve momentum t o <
900) X°

There is nothing to measure




Wait, why not ggF + 1 jet? Hong ()

Pittsburgh .=
g ,‘/""l S\ \\C’\\

The problem is the Z — vv

Invisible /—*
- Measure the mono-jet N%S& H a
- Need some boost for MET t oo
y v
ggF is loop suppressed _EzQV
- Z+jet abundant however

* Ratio gggz* Bzw _ 6000 pb _ 300

ou+1j 19pb 1 :::"H <x0
VBF is tree level X0

- Z+jetis (aw)**+ suppressed . Y
- Ratio ovgrz* Bzw _0.6pb _ 1
omsr  1.6pb~ 2 ;

Not worth the trouble for ggFA



VBF analysis

ATLAS Run 1

¢ Binv < 280/0
(31%)

Observed
O~

|

Hong ()

Pittsburgh \ S

If Binv - 300/0,
data be here

H (Bn=1) 05

900

300 600
Zyy estimates | Method Who Pro Con Precision
\/v\<v Jet

Z ] wysiwyg | ©St energy, %
v Nue QCDscale | 7%
4

Z N‘< Nz, Chefe Run,)1 Ziw=Zw O S + 40%
y pp only (?) (~20 evts)
‘ ATLAS R1, | L tat

Wf*f\< . , | Large stats
o | e P oMs Run 2| (~600 evts) | VY E A

Reduce even more in Run 2? Maybe yi ~ ZE%



Dark matter interpretation Hong ()

PittSbu rg h .“”'TT_,“G‘\ y/

1 /
%

cartoons/a18624

Once you kave-a-eothider, every problem starts to look like a—partele.
look for invisible dark matter I



Dark matter interpretation

WIMP—nucleon cross section [¢

1
IS
]

Many direct
detection results

Neutrinos
Neutrinos
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WIMP-nucleon cross section [cm?]
=
&

_.
S
a

1 DAMA/LIBRA (99.7% CL) ATLAS 90% CL in

== CRESST Il (95% CL) Higgs portal model:
Scalar WIMP

CRESST Il (90% CL) Majorana WIMP
------- SuperCDMS (90% CL) e Vector WIMP

1 CDMS SI (95% CL)
Il CoGeNT (99% CL)

..-.-.. XENON100 (90% CL)
....... LUX (90% CL)

102

DM interpretation DM model

\s=7TeV, 4547 o
\s=8TeV,20.3fb"

Vis. & inv. Higgs boson decay channels
[Kws Kz, K Koy Ko, Ky Kg, Ky Kz, BR ]

No kyz assumption: BR,  <0.22 at 90% CL

Hong

Pittsburgh

10°
WIMP mass [GeV]

36



WIMP-nucleon cross section

Q
O

zb

Prog. Part. Nucl. Phys. 85 (2015)
T 1 “' '\ —rT T T Y T Hong ':::::’ / ‘;'
o | CoGeNT Pittsburgh ""‘\
i o \‘% 2012
em?) g
10-41 \a General area of
\Q disputed signals

NS¢
\{K)G/-C_Q
4\7 SNO
‘Be . N
Neutrinos 7 ~ 2
I Neutrinos Y S ==
. “‘ \\ _ ‘.'. N
“\~\‘ . \\~-.X_\-—-— EP\P3600 —:—‘:' /‘.‘. - ] *?-’ )
—46 %, Sl S~ ~PEN == et G2 e
I 10 %o NimeoLImTTT wort’ \(S\d_.-' et
0. .. — . ant® Da( _____ 'L )
Y.. 0......-;i‘.‘!.‘.-|nl .......... ‘-;"'..‘.n
= [_] Asymmetric DM “, T ‘“..‘.u- -
] Magnetic DM \ Yoo,

:I Extra dimensions
[ ] SUSY MSSM

Y o e T SNB
N s ’Aﬂ\c and D
1049 Ny g T paros?P

1 10

__ 1190

My, WIMP mass (GeV)

Direct detection exclude to my ~ 5 GeV of o~ ab-zb rang

e
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LHC overlay

TERSIT)
3N ¥
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v { ] o )
LS o I
" - 'u’ A

Pittsburgh Nyl

(cm2) 34

1041 59_ (_:‘ueneral area ot For Binv= 0.23,
S pa | cisputed Signais draw contours for
S ab 3 different models
2 I Y AON o
S 45
S 2 Fermion ~CONSt
= - LHC results are
02'- 1047 complementary to
= H(O direct detection

yb
Q@ P
1049 4
1+ 10 my, WIMP mass (GeV)
> < > <

LHC can probe

Overlap

LHC not sensitive

A



Reinterpret VBF — invisible? Hong (.-
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VBF any — invisible Mono-jet search for DM
000 X0
t\ o <
00Q
X°
| |

model same If DM is fermiophobic,
/ measurement  mono-jet not sensitive

on Oany, €.9.,
- Fermiophobic scalars coupling to electroweak bosons, 1604.07975 (yesterday)
« Electrowk SUSY sector with compressed sleptons, PRD 87 (2013) 035029, 91 (2015) 055025

Tell us your favorite model!

y.


https://arxiv.org/abs/1604.07975
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.035029
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.055025

The future is now Hong
Collisions started this week, ATLAS collected ©(1) pb-—

LHC Pagel Fill: 4861 E: 6499 GeV t(SB): 07:30:32 25-04-16 08:54:32 ¢— Monday

PROTON PHYSICS: STABLE BEAMS
6499 GeV I(B1): 1.09e+12 I(B2): 1.07e+12

Inst. Lumi [(ub.s)A-1] IP1: 23.58 IP2:  0.07 IPS: 24.57 IP8: 1.47

22:00 00:00 02:00 04:00

22:00 00:00 02:00 04:00 06:00 08:00 — ATLAS AUCE — CMS' — LHb

BIS status and SMP flags Bl B2
Comments (25-Apr-2016 05:39:58) Link Status of Beam Permits

Global Beam Permit
Setup Beam

[ true W true |
[ true [ true |

physics with 12b
Beam Presence [ true W true |
[ true [ true |
[ true W true |

Moveable Devices Allowed In
Stable Beams

AFS: Multi_12b_8_8_8_4bpi_3inj_2500ns PM Status B1 ENABLED  [lUBI €114 ENABLED

Hope to have €(10) fb—! of data this calendar year
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The future

Luminosity projections

CMS Run-2 VBF
results with 2.3 fb-1

 Limit 69% (62%)
« Znorm’d w/ W
ATLAS Run-1 VBF

* Limit 28% (31%)
« Znorm'd w/ W

Expected
limit on Binv
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Why Higgs width
i Indirect via\_Direct via
Overview

couplings \_searches

Key analysis VBF H = WIW*

Interpretations LHC is better than
many thought

Will get better

RST
ﬁ‘ve W, g
¥

Pittsburgh \(as=7

Discovery =
Revolutionary

Run 1 = 30%
both approaches

VBF H —inv VBF is best (for me)
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| need
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collider!
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More thanks

| thank Elliot for his clear slides on

VBF invisible at a PITT workshop.

https://indico.cern.ch/event/460471/contributions/1132574/
attachments/1199947/1745600/HInvis_PittPacc.pdf

| thank George for the SUSY chat.

It turns out | knew about the compressed
scenario for my job talk & forgot it until our chat!

| thank Ben for slides feedback.
Especially on the details of VBF invisible.

| thank Alex for the talk rehearsal.
Especially on the prospects for VBF H— W™,

| thank Josh for discussions.
Especially on going from IMnv to opwm.
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https://indico.cern.ch/event/460471/contributions/1132574/attachments/1199947/1745600/HInvis_PittPacc.pdf

Abstract for this seminar Hong (.-

Pittsburgh =@

https://indico.bnl.gov/conferenceDisplay.py?confld=1765

Does the Higgs have a large invisible branching fraction? Two
approaches are presented. The first is an indirect constraint of
the invisible branching fraction using precision Higgs couplings
measurements. The second is a direct search of invisible decays.
In particular, | will discuss in detail two of ATLAS’s results: the
H — WIW in VBF, which is one of the strongest inputs for the
couplings and the evidence for VBF Higgs production, and the
H — invisible in VBF, which gives the strongest direct limit.
Comparisons with CMS’s results are made.




No idea on Higgs mass Hong ((:.:))
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Nucl. Phys. B 106 (1976) 292

“We should perhaps finish with an apology and a caution. We
apologize to the experimentalists for having no idea what is the
mass of the Higgs boson, unlike the case with charm, and for not
being sure of its couplings to other particles, except that they are
probably all very small. For these reasons we do not want to
encourage big experimental searches for the Higgs boson, but
we feel that people performing experiments vulnerable to the
Higgs boson should know how it may turn up.”



http://www.sciencedirect.com/science/article/pii/0550321376903825
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CMS overlay Hong
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CMS-HIG-13-023
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13023PubTWiki#Coupling
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-13/

VBF WW* comparison Hong
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PRD 92 (2015) 012006 v. JHEP 01 (2014) 096

Summary Composition of Ny,
N signal N top N misid
Channel Nops  Nokg Nggr Nvpr Nww N, N Ny; N Nyy Npy
(a) 8 TeV data sample
n; >2, VBF 130 9+9 77+26 21+3 11£35 55+£07 29+5 47+14 28+1.0 44+£09 38+7
eu bin 1 37 36 £t4 33+12 49+£05 50£15 3.0+£06156+2632+1.0 234+£08 23+0.7 3.6 1.5
ey bin 2 14 65+13 14+£05 49+£05 1.7+£0.7 03+04 20+1.004+0.1 03+0.1 0.7£0.2 0.6+0.2
ey bin 3 6 1.2+£03 04+£03 38+£0.7 03+0.1 0.1£0.0 03=+0.1 - - 0.1£00 0.24+0.1
VZ+ WAy ,
my [GeV] geH VBF+VH Data  All bkg. WW tt +tW W + jets
+ Z/y*— 00
8 TeV ey final state, 2-jets category, VBF tag
120 0.43+£0.18 2.06 +0.28 2 3.34+£0.55 0.75+0.22 0.36+0.12 1.75+£0.42 0.484+0.26
125 0.89 £0.35 3.41 £0.47 2 438+081 086+0.24 049+0.14 2.67+£0.73 0.36+0.22

| |




VBF WW* comparison CMS

CMS 490" (7 TeV) + 19.4 fo™ (8 TeV)
T T T
| ' m,=125.6 GeV
PRD 92 (2015) 012006 v. JHEP 01 (2014) 096 H— WW (all channels) ok O
0/Ggy, = 0.72" 3% ‘ 3 ‘
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—p—
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+1 00—800/0 > olog, = 0.60" %5 ‘ ‘
212v + 2-jets, VH tag
05 =0.39° 1%,
318v, WH tag
olog,, = 0.56" 127 | | |
s i el o s
-1 0 1 2 3
ATL AS Best fit for o/cy,,
Signal significance Expected Observed uncertainty Observed central value
Sample Exp. Obs. Bar graph of Tot.err.  Tot.err. Stat.err. Syst.err. Hobs Uobs £ stat. (thick)
Zo Zo observed Zy + = + - + - + = + total (thin)
n; =0 3.70 4.08 | 0.35 0.30 0.37 0.32 0.22 0.22 0.30 0.23 1.15 ———
ew, ba=p 2.89 3.07 |— 0.41 0.36 0.43 0.38 0.30 0.29 0.32 0.24 1.08 ————
e, la=e 2.36 3.12 |e— 0.49 0.44 0.54 0.48 0.38 0.37 0.39 0.30 1.40 ————
ee/up category 1.43 0.71 = 0.74 0.70 0.68 0.66 0.45 0.44 0.51 0.50 0.47 ————
nj=1 2.60 2.49 |r— 0.51 0.41 0.50 0.41 0.33 0.32 0.38 0.26 0.96 ————
ey category 2.56 2.83  |— 0.51 0.42 0.56 0.45 0.35 0.35 0.43 0.29 1.16 ————
ee/up category 1.02 0.21 k 1.12 0.98 1.02 0.97 0.80 0.76 0.63 0.61 0.19 —==—fm———o
n; > 2, ggF, en 1.21 1.44 p=— 0.96 0.83 0.91 0.84 0.70 0.68 0.70 0.49 1.20 ————
nj >2, VBF-enr. 3.38 3.84 fe—— 0.42 0.36 0.45 0.38 0.36 0.33 0.27 0.19 1.20 ——— +— +40o/o
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ee/pp category 1.58 2.6  |em— 0.84 0.67 0.97 0.78 0.83 0.71 0.51 0.33 1.98 ———
All nj, all signal 5.76 6.06 F————— (.23 0.20 0.23 0.21 0.16 0.15 0.17 0.14 1.09 -
ggF as signal = 4.34 4.28  ie——— 0.30 0.24 0.29 0.26 0.19 0.19 0.22 0.18 1.02 -+ Hon
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Higgs-DM models
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CMS Run-1 paper on VBF and ZH, EPJC 74 (2014) 2980

9 Dark matter interactions

We now interpret the experimental upper limit on B(H —
inv), under the assumption of SM production cross section, in
the context of a Higgs-portal model of DM interactions [7-9].
In these models, a hidden sector can provide viable stable DM
particles with direct renormalizable couplings to the Higgs
sector of the SM. In direct detection experiments, the elastic
interaction between DM and nuclei exchanged through the
Higgs boson results in nuclear recoil which can be reinter-
preted in terms of DM mass, M, , and DM-nucleon cross sec-
tion. If the DM candidate has a mass below myy/2, the invisi-
ble Higgs boson decay width, I3,y, can be directly translated
to the spin-independent DM-nucleon elastic cross section,
as follows for scalar (S), vector (V), and fermionic (f) DM,
respectively [8]:

ST __ 41iny m4Nf1\21
myv-p (My +mn
SI 16FinVM;4< my SR
Ooyv_N = y
YN mv2B(my — AM2m} + 12M%) (My + my)?
©)
Srinsz m4 f2
oty = z___N-N (10)

mv2p3 (My +mn)?

Here, my represents the nucleon mass, taken as the aver-
age of proton and neutron masses, 0.939 GeV, while +/2v is
the Higgs vacuum expectation value of 246 GeV, and 8 =

1 — 4M?% /my?. The dimensionless quantity f [8] param-
eterizes the Higgs-nucleon coupling; we take the central val-
ues of fy = 0.326 from a lattice calculation [69], while
we use results from the MILC Collaboration [70] for the
minimum (0.260) and maximum (0.629) values. We convert
the invisible branching fraction to the invisible width using
BMH — inv) = Ihy/(Tsm+ Finy), where I'spp = 4.07 MeV.

A



VBF invisible results CMS Run 1 Hong (.
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7 Limits on the cross section of invisibly decaying Higgs bosons

Upper limits on the Higgs boson production cross section times B(H — inv) are placed at
95% C.L. using an asymptotic CLs method [20, 38, 39], following the standard LHC Higgs
combination technique [40, 41]. Systematic uncertainties are treated as nuisance parameters in
a frequentist paradigm, as described in [41], and all correlations between processes are taken
into account.

Using this procedure and assuming SM Higgs boson production cross sections and accep-
tances, the observed (expected) 95% C.L. limit on B(H — inv) of a SM 125 GeV Higgs boson
is 57% (40%). The 95% C.L. limit on B(H — inv) and the 95% C.L. limit on the cross section
times B(H — inv), both assuming SM Higgs boson acceptances are shown as a function of
Higgs boson mass in Fig. 7. As can be seen from Table 3 the dominant systematic uncertainty

in the analysis is that from the limited numbers of data events in some control regions, in par-
ticular the Z control region. If the Z control region statistical uncertainty were to be reduced

to the level of that from the W — uv control region the expected 95% C.L. limit on the cross
section times B(H — inv)for a SM 125 GeV Higgs boson would be reduced to 33%.

The result is also combined with that obtained by CMS in searches in the channel where the
Higgs boson is produced in association with a Z which was reported in [8]. The procedure for
this combination is also described in [8]. The 95% C.L. observed (expected) limit on B(H —
inv) after combination is 47% (35%) for a SM 125 GeV Higgs boson.




VBF invisible syst. for ATLAS Run

JHEP 01 (2016) 172

Uncertainty VBF goF Zor W | Zsp/Wer or Wsr/Wer
16 43 17-33 3-5
Jet energy scale
9 12 0-11 1-4
) Negligible | Negligible | Negligible Negligible
Jet energy resolution
3.1 3.2 0.2-7.6 0.5-5.8
Luminosity 2.8 2.8 2.8 Irrelevant
5-36 7.8-12
QCD scale 0.2 7.8
7.5-21 1-2
2.3 3-5
PDF 7.5 1-2
2.8 0.1-2.6
Parton shower 9-10 5)
41
4.4
o 29 . .
Veto on third jet Negligible Negligible
Higgs boson pr Negligible 9.7 Irrelevant Irrelevant
2 46 2.3-64
MC statistics 3.3-6.6
0.6 13 0.8-4.5

1 Hong

Pittsburgh

Table 7. Detector and theory uncertainties (%) after all SR or CR selections. For each source of
uncertainty, where relevant, the first and second rows correspond to the uncertainties in SR1 and
SR2 respectively. The ranges of uncertainties in the Z or W column correspond to uncertainties in
the Z+jets and W+jets MC yields in the SR or CR. The search uses the uncertainties in the ratios
of SR to CR yields shown in the last column.




Fermiophobic scalars Hong (..
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https://arxiv.org/abs/1604.07975 (27 April 2016)

Let us consider a simple UV-complete model to illustrate these points and further inves-
tigate the nature of the couplings. We will consider a scalar mediator coupled to dark matter
as ¢x2. This scalar mediator can obtain couplings to SM states via a Higgs portal mixing
with the Higgs. Due to this mixing it inherits all of the SM Higgs couplings, suppressed by
a factor sin 6, where 6 is the mixing angle. This model thus has couplings to quarks, leptons,
and vector bosons

L =sinfo¢ (%aq + M40 <M—‘%VW+“WM + %%Z“Zu>) . (3.4)
v v v 2v

First of all, this demonstrates that in UV-complete models realising the A\,¢gq interaction, the
interaction of Eq. (3.2) also typically arises. Second, the results of [71, 87, 88] demonstrate
that when a mediator has these couplings the strongest collider bounds will arise from VBF
production of the DM, shown in Fig. 2. Since the monojet bounds arise from the mediator
couplings to quarks, and the VBF bounds from the mediator couplings to vectors, it is clear
that it may be possible to overlook the strongest probes of DM for scalar mediators at the
LHC if one only considers the A\,¢qq interaction for scalar mediators.

If @ is fermiophobic, mono-jet isn’t the best (VBF may be).

y.


https://arxiv.org/abs/1604.07975

Jet energy uncertainties Hong
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ATLAS performance

Extra parton radiation altering the 5% for 35 GeV
pr balance. Pythia v. Herwig++ * 3% for 350 GeV
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@ Jet energy measurement and its systematic uncertainty in proton-proton collisions at Vs = 7 TeV with the ATLAS detector, EPJC 75 (2015) 17.
@ Jet calibration and systematic uncertainties for jets reconstructed in the ATLAS detector at Vs=13 TeV, ATL-PHYS-PUB-2015-015 (24 July 201 5).!



https://cds.cern.ch/record/2037613

LUX latest results this week Hong

Pittsburgh S

PRL 116 (2016) 161301, 161302
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WIMP-nucleon cross section (zb)
WIMP-nucleon cross section (c

FIG. 3. Upper limits on the spin-independent elastic WIMP-
nucleon cross section at 90% C.L. Observed limit in black, with
the 1- and 2-0 ranges of background-only trials shaded green and
yellow. Also shown are limits from the first LUX analysis [6]
(gray), SuperCDMS [40] (green), CDMSlIite [41] (light blue),
XENON100 [42] (red), DarkSide-50 [43] (orange), and PandaX
[44] (purple). The expected spectrum of coherent neutrino-
nucleus scattering by ®B solar neutrinos can be fit by a WIMP
model as in [45], plotted here as a black dot.
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FIG. 1. LUX upper limits on the WIMP-neutron (top) and -
proton (bottom) elastic SD cross sections at 90% C.L. The
observed limit is shown in black with the +10 (£20) band from
simulated background-only trials in green (yellow). Also shown
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.161301

