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Combined results for each experiment
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® Huge international and
infergenerational success!

® First observed in clean final states:
photons, ZZ, WW

® Now more channels, e.g. taus

¢ In absence of other resonances Higgs is
window to new physics




Results from Run 1: ‘The End of the Beginning’

CMS (new ZZ(4l) not used)

125.5 +-0.2 (stat) **° _ (syst) GeV 125.7 +- 0.3(stat) +- 0.3(syst) GeV

~ Tested spin-1 and O- excluded with 1-CLs>0.99%
~ Tested Spin-2 models excluded with 1-CLs>0.95%

.~ Observed (expected) 95%CL limits: I" < 8.5(4.2) xI',,
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Higgs-bottom coupling

[Soper, MS ‘10]
[Soper, MS ‘11]

Invisible Higgs

q
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[Englert\Jaeckel, MS, Re ‘11]

[Englert, MS, Wymant ‘13]

[Bernacek, Plehn,
Schichtel, Tattersall ‘14]

ct vs cg in H+jet

[Buschmann, Englert,
Goncalves, Plehn, MS ‘14]

[Buschmann, Goncalves,
Kutimalai, Krauss, Plehn, ‘14]

Higgs-top coupling
g t

-
[Plelgh, Salam,iMS ‘09]

[Artoisenet, de Aquino,
Maltoni, Mattelaer ‘09]

Off-shell Higgs (Width)
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[Englert, McCullough, MS ‘15]
[Englert, MS “14]
[Englert, Soreq, MS ‘14]

[Andersen, Argold, Zeppenfeld 10]

[Dolan, Harris, Jankowiak, MS ‘14]

Higgs selfcoupling

[Dolan, Englert, MS ‘13 “14]

[Barr, Dolan, Englert, MS ‘14]
[Ferreira, Papaefstathiu, MS ‘14]

[Dolan, Englert, Greiner, MS ‘14]
[Englert, Krauss, MS, Thompson ‘14]
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Constraining the Higgs width at the LHC?

e alternative method using interference effects directly see [Dixon, Li ‘13]

Constraining the Higgs boson width with ZZ production at the LHC

Fabrizio Caola!* and Kirill Melnikov":f
' Department of Physics and Astronomy, Johns Hopkins University, Baltimore, USA

We point out that existing measurements of pp — ZZ cross-section at the LHC in a broad range of
Z Z invariant masses allow one to derive a model-independent upper bound on the Higgs boson width,
thanks to strongly enhanced off-shell Higgs contribution. Using CMS data and considering events
in the interval of ZZ invariant masses from 100 to 800 GeV, we find 'y < 38.8 '} ~ 163 MeV, at
the 95% confidence level. Restricting ZZ invariant masses to Mzz > 300 GeV range, we estimate
that this bound can be improved to 'y < 21 '} ~ 88 MeV.

*’ [Caola, Melnikov PRD 88]

Measurement done in CMS-PAS-HIG-14-002 and presented at Moriond ‘14
By now ATLAS has perFormed same measurement

LIFEANDPHYSICS  1ovyideisa Higes
In accord with Heisenberg'’s uncertainty principle, short-lived
JONBUTTE RWORTH particles have uncertain mass. So the Higgs boson, which gives
mass to other particles, is uncertain about its own mass. New
results from the CMS experiment at the CERN LHC have started

wiQul. "~~~ to tell us how uncertain
“Trresu Moge] 2.5 -
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CMS Measurement

AAAAAAAAA
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I. Count events in on-shell region
—¥ fix signal strength ju.; = o x BR; ~ 292022
H
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II. measure gﬁgHg%zz in off-shell region
using angular correlations of 4l decay products

10-°

10°°

U Malow " IIL insert off-shell coupling measurement in
on-shell signal strength to bound width

on—peak _ JggHYIHZ7 Obs.(exp.) @95% C.L: =
CMS
I,<17.4(353)MeV |

g ~
99— H—>Z7Z7 FH

off —peak < 2 2
Ogg—sH—22 ~ Y99HIHZZ

[Kauer, Passarino 2011]



Unfortunately, method has loop-holes: [Englert, MS '14]
[Logan, '15]
e In SM couplings in on-shell and off-shell region intimately related

e Direct correlation of on-shell 9;4n 9hzz and off-shell 9541(V/5) 9722 (V/5)

necessary ingredient for width measurement -> can be broken by BSM effects

Example: Higgs-portal (toy) model L, = |D,¢|° —m3|o|* — A2 | H|* +... .

scalar only charged under SU(3)¢

mg = mg + \v? free parameter

o off-shell CS

meg L'y, /TM G /6™ [m(46) > 330 GeV]*
70 GeV ~ 1.0 ~ 5 —2%

170 GeV| ~1.0 | ~4.7 +80% . . - e
170 GeV| ~1.0 | ~1.7 +6% Higgs width) negligible contribution in

9ggh(Mh) > ggghsm —» T >Tsu  for M~ 1

Despite increased on-shell coupling (and

“We impose the cut set used by CMS [17] without the MELA off-shell regiOn
cut [34].

® Here only simplest toy model - thus question: WHEN IS WIDTH INTERPRETATION VALID
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e Width interpretation ONLY interesting if model-independent

Within a model width is fixed (not free parameter of theory), result of QFT

Width measurement is result of global coupling fit.

e But for classes of models a width interpretation is valid:

Necessary condition:

~ g9H(m%,)/99Hsnm(m% )

2 .
R(m3%,) = : 222 ~1 complex valued double ratio
ggH (m¥;)/99Hsn (m3))
color triplet scalar color triplet fermions
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[Englert, Soreq, MS ‘14]



e Way to close loophole of Caola-Melnikov method by using WBF process:

1.75
Same tree-level coupling in 15 | [Englert, MS ‘14]
production and decay =
T parameter links WWH and ZZH ;
)
2 ~
Lup = Fyp tr [HTH - Z] -tr [(DnH)T (D“H) v 075 statistical uncertainty for 600/fb |
25 0.5
TY— : V' IHD
assumed hW/L Wv . 'LQMWQ/WT 0.25 ‘ ' ' . . : :
Iy 2 1 15 2 25 3 35 4 45
_ . 44 V' I'HD , ' T /T5M
hZ,uZU . nggle [E“IS, Campbell 15] h
e Use LEP as off-shell Higgs factory: [Englert, McCullough, MS “15]
305 ; '
Why off-shell LHC coupling measurement? 5 sl
LEP has already performed precise Higgs coupling 20¢ BV GGy |
measurements! Ry 1.5}
10} -
Use LEP coupling measurements and plug into LHC sy 05 e
signal strength measurement B  —
0.0~ :
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Higgs self-coupling measurements Higgs selfcoupling
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dO'/de’h [fb/GeV]

Higgs selfcoupling in HH+X
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t.b [Georgi et al. 78]
has maximum contribution for o

s = (pna +ph,2)2 = 4771?
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Total cross section: [HXSWG]

pp — HH(\ = 1) = 33.86 fb
pp—> HH(A=0)=71.01 fb
pp— HH(A=2)=15.85fb




Expectation

Deca Issues . References
4 3000 ifb
® Signal small [Baur, Plehn, Rainwater]
bh * BKG large & 5/B =1/3 [Yao 1308.6302]
VY difficult to asses SV ~ 25 [Baglio et al. JHEP 1304]
e Simple reconst. [Azatov et al. THEP '15]
® tfau rec fough differ a IO‘|' [Dolan, Engler’r, MS]
bET_I_T_ e largest bkg tt S/B~1/5 [Barr, Dolan, Englert, MS]
® Boost+MT?2 mlghf help S/\/E: 5 [Baglio et al. THEP 1304]
e looks like tt differ a lot [Dolan, Englert, MS]
Ty Trr— ® Need semilep. W best case: [Baglio et al. THEP 1304]
bbW ™ W to rec. two S/B~1.5 [Papaefstathiou, Yang,
® Boost + BDT proposed S/VB ~ 8.2 Zurita 1209.1489]
° Tr.igger iSS}AQ . [Dolan, Englert, MS]
_ (hlgh PT kil SIQnaI) S/B ~ (.02 [Ferreira de Lima,
bbbb ® 4b background large Papaefstathiou, MS]
difficult with MC S/VB < 2.0

® Subjets might help

[Wardrope et al,
1410.2794]

others

e Many taus/W not
clear if 2 Higgs

® Zs, photons no
rate
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More jets more fun:
First to calculate HH+jet and HH+2jets beyond effective theory

g h
t, b h,.\’ ] e q
B h _H
\ - -
7 .
g
keep mHH small -> retain sensitivity for high-pT Higgs ' [Dolan, Englert, Greiner, MS]

i | e Want to study VVHH
= U Directly related to long. gauge boson scattering
% 01 b A =1 % Agy e : Though strongly modified in comp. Higgs models
i ,. A =2 X Agpp - ]
g e T : — 02/(942
PNV I | o In SM fixed: gwwnn =€ /(2s,)
= T -_,_..,____:-:_:.. e ]
SR e, 9zznn = € /(2e4,5,)

e = 125 GeV, pry 2 100 GeV e Unfortunately gluon fusion dominating over WBF
oo 2w SOO oo Usual WBF cuts, e.g. central jet vetos not
max prp, [GeV] [Dolan, Englert, MS] )
" : applicable.

Additional jet can help to suppress
backgrounds: , i

hhj — b1 ) /B ~ 3/2 e WBF only measurable for large enhancement of

hh — bbrT7~  S/B~1/2 SM coupling value
Unfortunately rate small

| 4



Higgs selfcoupling in ttHH

[Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Torielli, Vryonidou, Zaro '14]

I I

| | I | |
HH production at 14 TeV LHC at (N)LO in QCD
My=125 GeV, MSTW2008 (N)LO pdf (68%cl)
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~—»  Enhanced selfcoupling can be measured in tthh

[Englert, Krauss, MS, Thompson ‘14]
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Higgs/Scalars and their Dark Matter relation

Evidence for Dark Matter
overwhelming:

e Spiral Galaxy rofation curves

e Gravitational lensing

e Acoustic peaks

* Direct detection

Collider
Measure nuclear recoil from X P SM
scattering against nuclei
* Indirect detection
Dark Matter annihilation in ; direct
sun, Galactic Center, etecton
satellites, etc.
e Collider searches
. —_—
Dark Matter production at X SM
the LHC indirect
detection

|6

Several ways to look for
Dark Matter

Which way more
sensitive depends mostly
on nature of mediator



Name| Operator |Coefficient
Effective theory approach: DL | ag | mo/M:
D2 XY xaq img/M?
. . . . q j(‘l Y D3 Xxay’q img /M2
e Parametrise interactions in D4 | ¥VXGYq | m/M
terms of eff. operator D5 | Xr'xama | 1M
D6 X‘T'l‘n' %Xq.\-;:q 1 ,/4\[.2
. D7 | xv*xqwy’ 1/M?
e Simplest way of o A
. . . D8 | xv"¥'xqwy'q 1/MD
capturing interactions D9 | 2osgore | 1/M3
q X D10 (X0’ xGoasq| i/M?
D11 | xxG,..G*™ | a./4M?
~» Used fo be preferred choice of experiments DI2 | $75xG G | i /AN
to present results DI3 | XXGpuC"™ | ias/4M.
D14 x'}‘r’x(?,,,,(:’"" o, /4M?
e However, only valid if interaction not resolved
105; A=vi(M,)¢ (EFT) Qo ()
° | LO
Going beyond: 1000,
, g 19 .
e At colliders momentum transfer too large % | s=M/(8) (FT)
for EFT approach >0
I'e=M/3 (FT)

0.001,

~—# Need simplified models

[Fox, Williams ‘12] [Buchmueller, Dolan, McCabe ‘13]
LHC-DM Forum

1079 m,=100 GeV
10
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Dark matter could interact with SM via scalar mediator

® CP-even scalar, e.g. Higgs portal, or CP-odd scalar

e Dark Matter interacting via CP-odd scalar difficult to find

= Direct detection interaction velocity suppressed

= Difficult to produce at colliders, e.g. LEP

[Boehm, Dolan,
McCabe, MS,
Wallace '14]

= But might give visible signal in indirect detection
“Coy Dark Matter” and can fit GC excess

~ LH
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Searching scalar DM-mediators in mono-jets

g \J'

[Buckley, Feld, Goncalves ‘14]

simplified model ' [Harris, Khoze, MS, Williams ‘14]
1 _ _
Lpseudo—scalar O — §m§{EDP2 — gom P )_(’YSX - ngMPt’Yst — ggMPIr/sb
1 5 2 _ t on b ai
Lscalar O — §mMEDS — 9pMS XX — gsmS 1t — ggpr S bb

4 relevant parameters for phenomenology

1. mediator mass mmep 3. dark matter mass mpu

2. mediator width FM[n;]) 4. effective coupling parameter 9q " 9x
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SR NL AL B L NN L LI LA L N LN B B (LB
u —r,
: ) —r
— gx-gq e 8 T
B u=100 1071,
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— 8TeV 20fb"
it 14 TeV 20Mb°

| l | I | l L1 1 l | I l | I — |

My.1GeV]

® For light Dark Matter and heavy mediators the LHC can provide
complementary information to DD and ID experiments

e A joint effort of all possible ways to look for (coy) Dark Matter is
needed to maximize our chances to find it
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Summary

e Scalar sector most interesting for coming vyears,
i.e. strong crosstalk between different experiments

e Higgs and Dark Matter Phenomenology hot topics
for upcoming runs

e IPPP has many staff members involved in this
line of research

e For a successful program close collaboration between
experimentalists and theorists essential
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