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•Workshop Goals
•The discovery of a new 

heavy boson
•Implications for new physics
•Where we stand and what’s 

next?
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Workshop Goals
• Generally would like to pursue two main goals:

• Collect critical input from our theory colleagues 
on the CMS physics strategy for 2013 in the 
light of most recent developments in the field, 
including an observation of a new heavy boson, 
and collect any new ideas that may potentially 
affect our physics program for the next year 
(new searches, triggers, parking, scouting, ...)

• Foster face-to-face contact and communication 
between the CMS experimentalists (many of 
them are physics group conveners) and the 
leading theorists with the idea to build on these 
informal contacts in the future

• I’d like to add my THANK YOU to our generous hosts!
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Workshop Format
• Relatively few formal talks and plenty of time for 

informal meetings and discussions
• Wrap-up sessions on Saturday to summarize the 

working group discussions and new ideas
• Follow-up presentation to the CMS at one of 

CMS General meetings
• Continuing communication and collaboration 

between the experimenters and theorists after 
the workshop
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4th of July Fireworks
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We discovered the Goddamn Thing - Now What?
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)LJXUH �� 7KH REVHUYHG �VROLG� ORFDO p� DV D IXQFWLRQ RI mH LQ WKH
ORZ PDVV UDQJH� 7KH GDVKHG FXUYH VKRZV WKH H[SHFWHG ORFDO p� XQGHU
WKH K\SRWKHVLV RI D 60 +LJJV ERVRQ VLJQDO DW WKDW PDVV ZLWK LWV ±�σ
EDQG� 7KH KRUL]RQWDO GDVKHG OLQHV LQGLFDWH WKH p�YDOXHV FRUUHVSRQGLQJ
WR VLJQL¿FDQFHV RI � WR � σ�

9.3. Characterising the excess
7KH PDVV RI WKH REVHUYHG QHZ SDUWLFOH LV HVWL�

PDWHG XVLQJ WKH SUR¿OH OLNHOLKRRG UDWLR λ�mH� IRU
H→ZZ�∗�→ �# DQG H→ γγ� WKH WZR FKDQQHOV ZLWK WKH
KLJKHVW PDVV UHVROXWLRQ� 7KH VLJQDO VWUHQJWK LV DO�
ORZHG WR YDU\ LQGHSHQGHQWO\ LQ WKH WZR FKDQQHOV� DO�
WKRXJK WKH UHVXOW LV HVVHQWLDOO\ XQFKDQJHG ZKHQ UH�
VWULFWHG WR WKH 60 K\SRWKHVLV µ = �� 7KH OHDGLQJ
VRXUFHV RI V\VWHPDWLF XQFHUWDLQW\ FRPH IURP WKH HOHF�
WURQ DQG SKRWRQ HQHUJ\ VFDOHV DQG UHVROXWLRQV� 7KH UH�
VXOWLQJ HVWLPDWH IRU WKH PDVV RI WKH REVHUYHG SDUWLFOH LV
���.� ± �.� �VWDW� ± �.� �V\V� *H9�
7KH EHVW�¿W VLJQDO VWUHQJWK Öµ LV VKRZQ LQ )LJ� ��F� DV

D IXQFWLRQ RI mH � 7KH REVHUYHG H[FHVV FRUUHVSRQGV WR
Öµ = �.� ± �.� IRU mH = ���*H9� ZKLFK LV FRQVLVWHQW
ZLWK WKH 60 +LJJV ERVRQ K\SRWKHVLV µ = �� $ VXP�
PDU\ RI WKH LQGLYLGXDO DQG FRPELQHG EHVW�¿W YDOXHV RI
WKH VWUHQJWK SDUDPHWHU IRU D 60 +LJJV ERVRQ PDVV K\�
SRWKHVLV RI ���*H9 LV VKRZQ LQ )LJ� ��� ZKLOH PRUH
LQIRUPDWLRQ DERXW WKH WKUHH PDLQ FKDQQHOV LV SURYLGHG
LQ 7DEOH ��
,Q RUGHU WR WHVW ZKLFK YDOXHV RI WKH VWUHQJWK DQG

PDVV RI D VLJQDO K\SRWKHVLV DUH VLPXOWDQHRXVO\ FRQVLV�
WHQW ZLWK WKH GDWD� WKH SUR¿OH OLNHOLKRRG UDWLR λ�µ,mH� LV
XVHG� ,Q WKH SUHVHQFH RI D VWURQJ VLJQDO� LW ZLOO SURGXFH
FORVHG FRQWRXUV DURXQG WKH EHVW�¿W SRLQW � Öµ, ÖmH�� ZKLOH
LQ WKH DEVHQFH RI D VLJQDO WKH FRQWRXUV ZLOO EH XSSHU
OLPLWV RQ µ IRU DOO YDOXHV RI mH �
$V\PSWRWLFDOO\� WKH WHVW VWDWLVWLF −� OQ λ�µ,mH� LV GLV�

WULEXWHG DV D χ� GLVWULEXWLRQ ZLWK WZR GHJUHHV RI IUHH�
GRP� 7KH UHVXOWLQJ ��� DQG ��� &/ FRQWRXUV IRU WKH
H→ γγ DQG H→WW �∗�→ #ν#ν FKDQQHOV DUH VKRZQ LQ

)µSignal strength (

    
   -1     0     1

    

Combined

 4l→ (*) ZZ→H 

γγ →H 

νlν l→ (*) WW→H 

ττ →H 

 bb→W,Z H 

-1Ldt = 4.6 - 4.8 fb∫ = 7 TeV:  s
-1Ldt = 5.8 - 5.9 fb∫ = 8 TeV:  s

-1Ldt = 4.8 fb∫ = 7 TeV:  s
-1Ldt = 5.8 fb∫ = 8 TeV:  s

-1Ldt = 4.8 fb∫ = 7 TeV:  s
-1Ldt = 5.9 fb∫ = 8 TeV:  s

-1Ldt = 4.7 fb∫ = 7 TeV:  s
-1Ldt = 5.8 fb∫ = 8 TeV:  s

-1Ldt = 4.7 fb∫ = 7 TeV:  s

-1Ldt = 4.6-4.7 fb∫ = 7 TeV:  s

 = 126.0 GeVHm

 0.3± = 1.4 µ

ATLAS 2011 - 2012

)LJXUH ��� 0HDVXUHPHQWV RI WKH VLJQDO VWUHQJWK SDUDPHWHU µ IRU
mH=���*H9 IRU WKH LQGLYLGXDO FKDQQHOV DQG WKHLU FRPELQDWLRQ�

)LJ� ��� ZKHUH WKH DV\PSWRWLF DSSUR[LPDWLRQV KDYH EHHQ
YDOLGDWHG ZLWK HQVHPEOHV RI SVHXGR�H[SHULPHQWV� 6LP�
LODU FRQWRXUV IRU WKH H→ ZZ�∗�→ �# FKDQQHO DUH DOVR
VKRZQ LQ )LJ� ��� DOWKRXJK WKH\ DUH RQO\ DSSUR[LPDWH
FRQ¿GHQFH LQWHUYDOV GXH WR WKH VPDOOHU QXPEHU RI FDQ�
GLGDWHV LQ WKLV FKDQQHO� 7KHVH FRQWRXUV LQ WKH �µ,mH�
SODQH WDNH LQWR DFFRXQW XQFHUWDLQWLHV LQ WKH HQHUJ\ VFDOH
DQG UHVROXWLRQ�
7KH SUREDELOLW\ IRU D VLQJOH +LJJV ERVRQ�OLNH SDUWLFOH

WR SURGXFH UHVRQDQW PDVV SHDNV LQ WKH H→ ZZ�∗�→ �#
DQG H→ γγ FKDQQHOV VHSDUDWHG E\ PRUH WKDQ WKH RE�
VHUYHG PDVV GLffHUHQFH� DOORZLQJ WKH VLJQDO VWUHQJWKV WR
YDU\ LQGHSHQGHQWO\� LV DERXW ����
7KH FRQWULEXWLRQV IURP WKH GLffHUHQW SURGXFWLRQ

PRGHV LQ WKH H→ γγ FKDQQHO KDYH EHHQ VWXGLHG LQ RUGHU
WR DVVHVV DQ\ WHQVLRQ EHWZHHQ WKH GDWD DQG WKH UDWLRV RI
WKH SURGXFWLRQ FURVV VHFWLRQV SUHGLFWHG LQ WKH 6WDQGDUG
0RGHO� $ QHZ VLJQDO VWUHQJWK SDUDPHWHU µi LV LQWURGXFHG
IRU HDFK SURGXFWLRQ PRGH� GH¿QHG E\ µi = σi/σi,60� ,Q
RUGHU WR GHWHUPLQH WKH YDOXHV RI �µi, µ j� WKDW DUH VLPXO�
WDQHRXVO\ FRQVLVWHQW ZLWK WKH GDWD� WKH SUR¿OH OLNHOLKRRG
UDWLR λ�µi, µ j� LV XVHG ZLWK WKH PHDVXUHG PDVV WUHDWHG DV
D QXLVDQFH SDUDPHWHU�
6LQFH WKHUH DUH IRXU +LJJV ERVRQ SURGXFWLRQPRGHV DW

WKH /+&� WZR�GLPHQVLRQDO FRQWRXUV UHTXLUH HLWKHU VRPH
µi WR EH ¿[HG� RU PXOWLSOH µi WR EH UHODWHG LQ VRPH ZD\�
+HUH� µJJ) DQG µtĀtH KDYH EHHQ JURXSHG WRJHWKHU DV WKH\
VFDOH ZLWK WKH tĀtH FRXSOLQJ LQ WKH 60� DQG DUH GHQRWHG
E\ WKH FRPPRQ SDUDPHWHU µJJ)+tĀtH � 6LPLODUO\� µ9%) DQG
µVH KDYH EHHQ JURXSHG WRJHWKHU DV WKH\ VFDOH ZLWK WKH
WWH/ZZH FRXSOLQJ LQ WKH 60� DQG DUH GHQRWHG E\ WKH
FRPPRQ SDUDPHWHU µ9%)+VH � 6LQFH WKH GLVWULEXWLRQ RI
VLJQDO HYHQWV DPRQJ WKH �� FDWHJRULHV RI WKH H→ γγ

VHDUFK LV VHQVLWLYH WR WKHVH IDFWRUV� FRQVWUDLQWV LQ WKH

��

ATLAS arXiv:1207.6436

ATLAS arXiv:1207.7214

CMS arXiv:1207.7235

10

)2 (GeV/cHm
100 105 110 115 120 125 130 135 140 145 150

Ba
ck

gr
ou

nd
 p

-v
al

ue

-310

-210

-110

1

10

210

σ1

σ2

σ3

-1 9.7 fb≤ intTevatron Run II, L  Observedb1-CL
 Expectedb1-CL

1 s.d.±

2 s.d.±

-1 9.7 fb≤ intTevatron Run II, L

FIG. 6: The p-value as a function of mH under the
background-only hypothesis. Also shown are the median ex-
pected values assuming a SM signal is present, evaluated sep-
arately at each mH . The associated dark and light-shaded
bands indicate the 1 s.d. and 2 s.d. fluctuations of possible
experimental outcomes.

culating the local p-value under the background-only hy-
pothesis using Rfit as the test statistic. This p-value ex-
presses the probability to obtain the value of Rfit ob-
served in the data or larger, assuming a signal is truly
absent. These p-values are shown in Fig. 6 along with
the expected p-values assuming a SM signal is present,
separately for each value of mH . The maximum local
significance corresponds to 3.3 standard deviations at
mH = 135 GeV/c2.
The Look-Elsewhere Effect (LEE) [45, 46] accounts

for the possibility of a background fluctuation affecting
the local p-value anywhere in the tested mH range. In
the mass range from 115 GeV/c2 (the prior bound from
the LEP2 direct search [16]) to 150 GeV/c2, the recon-
structed mass resolution is typically 15%, and the result-
ing LEE factor is approximately 2. Correcting for the
LEE yields a global significance of 3.1 standard devia-
tions. Taking into account the exclusion limits for the
SM Higgs boson mentioned earlier, there is no LEE and
we derive a significance of 2.8 standard deviations for
mH = 125 GeV/c2.
We interpret this result as evidence for the presence of

a particle that is produced in association with a W or
Z boson and decays to a bottom-antibottom quark pair.
The excess seen in the data is most significant in the mass
range between 120 and 135 GeV/c2, and is consistent
with production of the SM Higgs boson within this mass
range. These searches provide the most direct probe of
the Higgs boson coupling to bottom quarks.
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Figure 14: The observed local p-value for 7 TeV and 8 TeV data, and their combination as a
function of the SM Higgs boson mass. The dashed line shows the expected local p-values for a
SM Higgs boson with a mass mH.
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Figure 15: The observed local p-value for the five decay modes and the overall combination as
a function of the SM Higgs boson mass. The dashed line shows the expected local p-values for
a SM Higgs boson with a mass mH.

Tevatron arXiv:1207.6436
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Post-Discovery Questions
• ATLAS and CMS both discovered a new, narrow 

resonance in the 125-126 GeV range with >5σ 
significance in each experiment independently
• The two discovery papers have been submitted 

simultaneously, on July 31 @ 14:00 CET, to Phys. Lett. 
B
• Tevatron published an “evidence” for a 125 GeV particle a 

couple of days before

• Are we seeing one and the same particle?
• What are the properties of this particle?
• Have we discovered a Higgs boson?

• If so, is this the SM Higgs boson?

• What’s next?

7
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Figure 18: The observed best-fit signal strength s/sSM as a function of the SM Higgs boson
mass in the range 110–145 GeV for the combined 7 and 8 TeV data sets. The symbol s/sSM
denotes the production cross section times the relevant branching fractions, relative to the SM
expectation. The band corresponds to the ±1 standard deviation uncertainty in s/sSM.
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)LJXUH �� &RPELQHG VHDUFK UHVXOWV� �D� 7KH REVHUYHG �VROLG� ��� &/
OLPLWV RQ WKH VLJQDO VWUHQJWK DV D IXQFWLRQ RI mH DQG WKH H[SHF�
WDWLRQ �GDVKHG� XQGHU WKH EDFNJURXQG�RQO\ K\SRWKHVLV� 7KH GDUN
DQG OLJKW VKDGHG EDQGV VKRZ WKH ±�σ DQG ±�σ XQFHUWDLQWLHV RQ WKH
EDFNJURXQG�RQO\ H[SHFWDWLRQ� �E� 7KH REVHUYHG �VROLG� ORFDO p� DV D
IXQFWLRQ RI mH DQG WKH H[SHFWDWLRQ �GDVKHG� IRU D 60 +LJJV ERVRQ
VLJQDO K\SRWKHVLV �µ = �� DW WKH JLYHQ PDVV� �F� 7KH EHVW�¿W VLJQDO
VWUHQJWK Öµ DV D IXQFWLRQ RI mH � 7KH EDQG LQGLFDWHV WKH DSSUR[LPDWH
��� &/ LQWHUYDO DURXQG WKH ¿WWHG YDOXH�

SURYLGH IXOO\ UHFRQVWUXFWHG FDQGLGDWHV ZLWK KLJK UHVR�
OXWLRQ LQ LQYDULDQW PDVV� DV VKRZQ LQ )LJXUHV ��D� DQG
��E�� 7KHVH H[FHVVHV DUH FRQ¿UPHG E\ WKH KLJKO\ VHQ�
VLWLYH EXW ORZ�UHVROXWLRQ H→WW �∗�→ "ν"ν FKDQQHO� DV
VKRZQ LQ )LJ� ��F��
7KH REVHUYHG ORFDO p� YDOXHV IURP WKH FRPELQDWLRQ

RI FKDQQHOV� XVLQJ WKH DV\PSWRWLF DSSUR[LPDWLRQ� DUH
VKRZQ DV D IXQFWLRQ RI mH LQ )LJ� ��E� IRU WKH IXOO PDVV
UDQJH DQG LQ )LJ� � IRU WKH ORZ PDVV UDQJH�
7KH ODUJHVW ORFDO VLJQL¿FDQFH IRU WKH FRPELQDWLRQ RI

WKH � DQG � 7H9 GDWD LV IRXQG IRU D 60 +LJJV ERVRQ
PDVV K\SRWKHVLV RI mH=�����*H9� ZKHUH LW UHDFKHV
�.�σ� ZLWK DQ H[SHFWHG YDOXH LQ WKH SUHVHQFH RI D 60
+LJJV ERVRQ VLJQDO DW WKDW PDVV RI �.�σ �VHH DOVR 7D�
EOH ��� )RU WKH ���� GDWD DORQH� WKH PD[LPXP OR�
FDO VLJQL¿FDQFH IRU WKH H→ZZ�∗�→ �"� H→ γγ DQG
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)LJXUH �� 7KH REVHUYHG ORFDO p� DV D IXQFWLRQ RI WKH K\SRWKHVL]HG
+LJJV ERVRQ PDVV IRU WKH �D� H→ZZ�∗�→ �"� �E� H→ γγ DQG �F�
H→WW�∗�→ "ν"ν FKDQQHOV� 7KH GDVKHG FXUYHV VKRZ WKH H[SHFWHG
ORFDO p� XQGHU WKH K\SRWKHVLV RI D 60+LJJV ERVRQ VLJQDO DW WKDW PDVV�
5HVXOWV DUH VKRZQ VHSDUDWHO\ IRU WKH

√
s = �7H9 GDWD �GDUN� EOXH�� WKH√

s = �7H9 GDWD �OLJKW� UHG�� DQG WKHLU FRPELQDWLRQ �EODFN��

H→WW �∗�→ eνµν FKDQQHOV FRPELQHG LV ���σ� DQG RF�
FXUV DW mH = ���.�*H9 ����σ H[SHFWHG��

7KH VLJQL¿FDQFH RI WKH H[FHVV LV PLOGO\ VHQVLWLYH WR
XQFHUWDLQWLHV LQ WKH HQHUJ\ UHVROXWLRQV DQG HQHUJ\ VFDOH
V\VWHPDWLF XQFHUWDLQWLHV IRU SKRWRQV DQG HOHFWURQV� WKH
HffHFW RI WKH PXRQ HQHUJ\ VFDOH V\VWHPDWLF XQFHUWDLQ�
WLHV LV QHJOLJLEOH� 7KH SUHVHQFH RI WKHVH XQFHUWDLQWLHV�
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VLJQL¿FDQFH WR ���σ�

7KH JOREDO VLJQL¿FDQFH RI D ORFDO �.�σ H[FHVV DQ\�
ZKHUH LQ WKH PDVV UDQJH ���±���*H9 LV HVWLPDWHG WR
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QRW H[FOXGHG DW WKH ��� &/ E\ WKH /+& FRPELQHG 60
+LJJV ERVRQ VHDUFK >���@ DQG WKH LQGLUHFW FRQVWUDLQWV
IURP WKH JOREDO ¿W WR SUHFLVLRQ HOHFWURZHDN PHDVXUH�
PHQWV >��@�
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)LJXUH ��� &RQ¿GHQFH LQWHUYDOV LQ WKH �µ,mH� SODQH IRU WKH
H→ZZ�∗�→ �!� H→ γγ� DQG H→WW�∗�→ !ν!ν FKDQQHOV� LQFOXGLQJ
DOO V\VWHPDWLF XQFHUWDLQWLHV� 7KH PDUNHUV LQGLFDWH WKH PD[LPXP OLNH�
OLKRRG HVWLPDWHV �Öµ, ÖmH � LQ WKH FRUUHVSRQGLQJ FKDQQHOV �WKH PD[LPXP
OLNHOLKRRG HVWLPDWHV IRU H→ZZ�∗�→ �! DQG H→WW�∗�→ !ν!ν FRLQ�
FLGH��

SODQH RI µJJ)+tĀtH ×B/B60 DQG µ9%)+VH ×B/B60� ZKHUH
B LV WKH EUDQFKLQJ UDWLR IRU H→ γγ� FDQ EH REWDLQHG
�)LJ� ���� 7KHRUHWLFDO XQFHUWDLQWLHV DUH LQFOXGHG VR WKDW
WKH FRQVLVWHQF\ ZLWK WKH 60 H[SHFWDWLRQ FDQ EH TXDQWL�
¿HG� 7KH GDWD DUH FRPSDWLEOH ZLWK WKH 60 H[SHFWDWLRQ
DW WKH ���σ OHYHO�

10. Conclusion

6HDUFKHV IRU WKH 6WDQGDUG 0RGHO +LJJV ERVRQ KDYH
EHHQ SHUIRUPHG LQ WKH H→ ZZ�∗�→ �!� H→ γγ DQG
H→WW �∗�→ eνµν FKDQQHOV ZLWK WKH $7/$6 H[SHUL�
PHQW DW WKH /+& XVLQJ ���±��� IE−� RI pp FROOLVLRQ GDWD
UHFRUGHG GXULQJ $SULO WR -XQH ���� DW D FHQWUH�RI�PDVV
HQHUJ\ RI � 7H9� 7KHVH UHVXOWV DUH FRPELQHG ZLWK HDU�
OLHU UHVXOWV >��@� ZKLFK DUH EDVHG RQ DQ LQWHJUDWHG OX�
PLQRVLW\ RI ���±��� IE−� UHFRUGHG LQ ���� DW D FHQWUH�
RI�PDVV HQHUJ\ RI � 7H9� H[FHSW IRU WKH H→ ZZ�∗�→ �!
DQG H→ γγ FKDQQHOV� ZKLFK KDYH EHHQ XSGDWHG ZLWK WKH
LPSURYHG DQDO\VHV SUHVHQWHG KHUH�
7KH 6WDQGDUG 0RGHO +LJJV ERVRQ LV H[FOXGHG DW

��� &/ LQ WKH PDVV UDQJH ���±���*H9� H[FHSW IRU
WKH QDUURZ UHJLRQ ���±���*H9� ,Q WKLV UHJLRQ� DQ H[�
FHVV RI HYHQWV ZLWK VLJQL¿FDQFH �.�σ� FRUUHVSRQGLQJ
WR p� = �.� × ��−�� LV REVHUYHG� 7KH H[FHVV LV GULYHQ
E\ WKH WZR FKDQQHOV ZLWK WKH KLJKHVW PDVV UHVROXWLRQ�
H→ZZ�∗�→ �! DQG H→ γγ� DQG WKH HTXDOO\ VHQVLWLYH
EXW ORZ�UHVROXWLRQ H→WW �∗�→ !ν!ν FKDQQHO� 7DNLQJ
LQWR DFFRXQW WKH HQWLUH PDVV UDQJH RI WKH VHDUFK� ���±
���*H9� WKH JOREDO VLJQL¿FDQFH RI WKH H[FHVV LV �.�σ�
ZKLFK FRUUHVSRQGV WR p� = �.� × ��−��
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)LJXUH ��� /LNHOLKRRG FRQWRXUV IRU WKH H→ γγ FKDQQHO LQ WKH
�µJJ)+tĀtH , µ9%)+VH � SODQH LQFOXGLQJ WKH EUDQFKLQJ UDWLR IDFWRU
B/B60� 7KH TXDQWLW\ µJJ)+tĀtH �µ9%)+VH� LV D FRPPRQ VFDOH IDFWRU
IRU WKH JJ) DQG tĀtH �9%) DQG VH� SURGXFWLRQ FURVV VHFWLRQV� 7KH
EHVW ¿W WR WKH GDWD �+� DQG ��� �IXOO� DQG ��� �GDVKHG� &/ FRQWRXUV
DUH DOVR LQGLFDWHG� DV ZHOO DV WKH 60 H[SHFWDWLRQ �×��

7KHVH UHVXOWV SURYLGH FRQFOXVLYH HYLGHQFH
IRU WKH GLVFRYHU\ RI D QHZ SDUWLFOH ZLWK PDVV
���.� ± �.� �VWDW� ± �.� �V\V� *H9� 7KH VLJQDO
VWUHQJWK SDUDPHWHU µ KDV WKH YDOXH �.� ± �.� DW WKH
¿WWHG PDVV� ZKLFK LV FRQVLVWHQW ZLWK WKH 60 +LJJV
ERVRQ K\SRWKHVLV µ = �� 7KH GHFD\V WR SDLUV RI YHFWRU
ERVRQV ZKRVH QHW HOHFWULF FKDUJH LV ]HUR LGHQWLI\ WKH
QHZ SDUWLFOH DV D QHXWUDO ERVRQ� 7KH REVHUYDWLRQ LQ
WKH GLSKRWRQ FKDQQHO GLVIDYRXUV WKH VSLQ�� K\SRWKH�
VLV >���� ���@� $OWKRXJK WKHVH UHVXOWV DUH FRPSDWLEOH
ZLWK WKH K\SRWKHVLV WKDW WKH QHZ SDUWLFOH LV WKH 6WDQGDUG
0RGHO +LJJV ERVRQ� PRUH GDWD DUH QHHGHG WR DVVHVV LWV
QDWXUH LQ GHWDLO�
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9.3. Characterising the excess
7KH PDVV RI WKH REVHUYHG QHZ SDUWLFOH LV HVWL�

PDWHG XVLQJ WKH SUR¿OH OLNHOLKRRG UDWLR λ�mH� IRU
H→ZZ�∗�→ �# DQG H→ γγ� WKH WZR FKDQQHOV ZLWK WKH
KLJKHVW PDVV UHVROXWLRQ� 7KH VLJQDO VWUHQJWK LV DO�
ORZHG WR YDU\ LQGHSHQGHQWO\ LQ WKH WZR FKDQQHOV� DO�
WKRXJK WKH UHVXOW LV HVVHQWLDOO\ XQFKDQJHG ZKHQ UH�
VWULFWHG WR WKH 60 K\SRWKHVLV µ = �� 7KH OHDGLQJ
VRXUFHV RI V\VWHPDWLF XQFHUWDLQW\ FRPH IURP WKH HOHF�
WURQ DQG SKRWRQ HQHUJ\ VFDOHV DQG UHVROXWLRQV� 7KH UH�
VXOWLQJ HVWLPDWH IRU WKH PDVV RI WKH REVHUYHG SDUWLFOH LV
���.� ± �.� �VWDW� ± �.� �V\V� *H9�
7KH EHVW�¿W VLJQDO VWUHQJWK Öµ LV VKRZQ LQ )LJ� ��F� DV

D IXQFWLRQ RI mH � 7KH REVHUYHG H[FHVV FRUUHVSRQGV WR
Öµ = �.� ± �.� IRU mH = ���*H9� ZKLFK LV FRQVLVWHQW
ZLWK WKH 60 +LJJV ERVRQ K\SRWKHVLV µ = �� $ VXP�
PDU\ RI WKH LQGLYLGXDO DQG FRPELQHG EHVW�¿W YDOXHV RI
WKH VWUHQJWK SDUDPHWHU IRU D 60 +LJJV ERVRQ PDVV K\�
SRWKHVLV RI ���*H9 LV VKRZQ LQ )LJ� ��� ZKLOH PRUH
LQIRUPDWLRQ DERXW WKH WKUHH PDLQ FKDQQHOV LV SURYLGHG
LQ 7DEOH ��
,Q RUGHU WR WHVW ZKLFK YDOXHV RI WKH VWUHQJWK DQG

PDVV RI D VLJQDO K\SRWKHVLV DUH VLPXOWDQHRXVO\ FRQVLV�
WHQW ZLWK WKH GDWD� WKH SUR¿OH OLNHOLKRRG UDWLR λ�µ,mH� LV
XVHG� ,Q WKH SUHVHQFH RI D VWURQJ VLJQDO� LW ZLOO SURGXFH
FORVHG FRQWRXUV DURXQG WKH EHVW�¿W SRLQW � Öµ, ÖmH�� ZKLOH
LQ WKH DEVHQFH RI D VLJQDO WKH FRQWRXUV ZLOO EH XSSHU
OLPLWV RQ µ IRU DOO YDOXHV RI mH �
$V\PSWRWLFDOO\� WKH WHVW VWDWLVWLF −� OQ λ�µ,mH� LV GLV�

WULEXWHG DV D χ� GLVWULEXWLRQ ZLWK WZR GHJUHHV RI IUHH�
GRP� 7KH UHVXOWLQJ ��� DQG ��� &/ FRQWRXUV IRU WKH
H→ γγ DQG H→WW �∗�→ #ν#ν FKDQQHOV DUH VKRZQ LQ
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)LJXUH ��� 0HDVXUHPHQWV RI WKH VLJQDO VWUHQJWK SDUDPHWHU µ IRU
mH=���*H9 IRU WKH LQGLYLGXDO FKDQQHOV DQG WKHLU FRPELQDWLRQ�

)LJ� ��� ZKHUH WKH DV\PSWRWLF DSSUR[LPDWLRQV KDYH EHHQ
YDOLGDWHG ZLWK HQVHPEOHV RI SVHXGR�H[SHULPHQWV� 6LP�
LODU FRQWRXUV IRU WKH H→ ZZ�∗�→ �# FKDQQHO DUH DOVR
VKRZQ LQ )LJ� ��� DOWKRXJK WKH\ DUH RQO\ DSSUR[LPDWH
FRQ¿GHQFH LQWHUYDOV GXH WR WKH VPDOOHU QXPEHU RI FDQ�
GLGDWHV LQ WKLV FKDQQHO� 7KHVH FRQWRXUV LQ WKH �µ,mH�
SODQH WDNH LQWR DFFRXQW XQFHUWDLQWLHV LQ WKH HQHUJ\ VFDOH
DQG UHVROXWLRQ�
7KH SUREDELOLW\ IRU D VLQJOH +LJJV ERVRQ�OLNH SDUWLFOH

WR SURGXFH UHVRQDQW PDVV SHDNV LQ WKH H→ ZZ�∗�→ �#
DQG H→ γγ FKDQQHOV VHSDUDWHG E\ PRUH WKDQ WKH RE�
VHUYHG PDVV GLffHUHQFH� DOORZLQJ WKH VLJQDO VWUHQJWKV WR
YDU\ LQGHSHQGHQWO\� LV DERXW ����
7KH FRQWULEXWLRQV IURP WKH GLffHUHQW SURGXFWLRQ

PRGHV LQ WKH H→ γγ FKDQQHO KDYH EHHQ VWXGLHG LQ RUGHU
WR DVVHVV DQ\ WHQVLRQ EHWZHHQ WKH GDWD DQG WKH UDWLRV RI
WKH SURGXFWLRQ FURVV VHFWLRQV SUHGLFWHG LQ WKH 6WDQGDUG
0RGHO� $ QHZ VLJQDO VWUHQJWK SDUDPHWHU µi LV LQWURGXFHG
IRU HDFK SURGXFWLRQ PRGH� GH¿QHG E\ µi = σi/σi,60� ,Q
RUGHU WR GHWHUPLQH WKH YDOXHV RI �µi, µ j� WKDW DUH VLPXO�
WDQHRXVO\ FRQVLVWHQW ZLWK WKH GDWD� WKH SUR¿OH OLNHOLKRRG
UDWLR λ�µi, µ j� LV XVHG ZLWK WKH PHDVXUHG PDVV WUHDWHG DV
D QXLVDQFH SDUDPHWHU�
6LQFH WKHUH DUH IRXU +LJJV ERVRQ SURGXFWLRQPRGHV DW

WKH /+&� WZR�GLPHQVLRQDO FRQWRXUV UHTXLUH HLWKHU VRPH
µi WR EH ¿[HG� RU PXOWLSOH µi WR EH UHODWHG LQ VRPH ZD\�
+HUH� µJJ) DQG µtĀtH KDYH EHHQ JURXSHG WRJHWKHU DV WKH\
VFDOH ZLWK WKH tĀtH FRXSOLQJ LQ WKH 60� DQG DUH GHQRWHG
E\ WKH FRPPRQ SDUDPHWHU µJJ)+tĀtH � 6LPLODUO\� µ9%) DQG
µVH KDYH EHHQ JURXSHG WRJHWKHU DV WKH\ VFDOH ZLWK WKH
WWH/ZZH FRXSOLQJ LQ WKH 60� DQG DUH GHQRWHG E\ WKH
FRPPRQ SDUDPHWHU µ9%)+VH � 6LQFH WKH GLVWULEXWLRQ RI
VLJQDO HYHQWV DPRQJ WKH �� FDWHJRULHV RI WKH H→ γγ

VHDUFK LV VHQVLWLYH WR WKHVH IDFWRUV� FRQVWUDLQWV LQ WKH
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Anatomy of the Discovery
• Both collaborations are quite consistent in their findings
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Signal strength: SM-like
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28 8 Conclusions

are allowed to vary independently. Thus the expected event yields in these channels are scaled
by independent factors, while the signal is assumed to be due to a particle with a unique mass
mX. The combined best-fit mass is mX = 125.3 ± 0.4 (stat.)± 0.5 (syst.)GeV.

7.3 Compatibility with the SM Higgs boson hypothesis

A first test of the compatibility of the observed boson with the SM Higgs boson is provided
by examination of the best-fit value for the common signal strength s/sSM, obtained in a com-
bination of all search channels. Figure 18 shows a scan of the overall s/sSM obtained in the
combination of all channels versus a hypothesised Higgs boson mass mH. The band corre-
sponds to the ±1 s uncertainty (statistical and systematic). The excesses seen in the 7 TeV and
8 TeV data, and in their combination, around 125 GeV are consistent with unity within the ±1 s
uncertainties. The observed s/sSM value for an excess at 125.5 GeV in a combination of all
data is 0.87 ± 0.23. The different decay channels and data sets have been examined for self-
consistency. Figure 19 shows the measured values of s/sSM results obtained for the different
decay modes. These results are consistent, within uncertainties, with the expectations for a SM
Higgs boson.
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Combined

 (untagged)γγ →H 
 (VBF tag)γγ →H 

 ZZ→H 

CMS -1 = 8 TeV, L = 5.3 fbs  -1 = 7 TeV, L = 5.1 fbs

 ZZ→ + H γγ →    H 

Figure 17: The 68% CL contours for the signal strength s/sSM versus the boson mass mX for the
untagged gg, gg with VBF-like dijet, 4`, and their combination. The symbol s/sSM denotes the
production cross section times the relevant branching fractions, relative to the SM expectation.
In this combination, the relative signal strengths for the three decay modes are constrained by
the expectations for the SM Higgs boson.

8 Conclusions
Results are presented from searches for the standard model Higgs boson in proton-proton col-
lisions at

p
s = 7 and 8 TeV in the CMS experiment at the LHC, using data samples corre-

sponding to integrated luminosities of up to 5.1 fb�1 at 7 TeV and 5.3 fb�1 at 8 TeV. The search

Mass: compatible
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SMσ/σBest fit 
-1 0 1 2 3

 bb→H

ττ→H

 WW→H

 ZZ→H

γγ→H

CMS -1 = 8 TeV, L = 5.3 fbs-1 = 7 TeV, L = 5.1 fbs

 = 125.5 GeVH m

Figure 19: Values of s/sSM for the combination (solid vertical line) and for individual decay
modes (points). The vertical band shows the overall s/sSM value 0.87 ± 0.23. The symbol
s/sSM denotes the production cross section times the relevant branching fractions, relative to
the SM expectation. The horizontal bars indicate the ±1 standard deviation uncertainties on the
s/sSM values for individual modes; they include both statistical and systematic uncertainties.
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What About High Masses?
• Nothing exciting is going on there....

9

of-mass energy of 8 TeV. These 2012 results are combined with the earlier 2011 results [1] based on
an integrated luminosity of 4.7–4.9 fb�1, including improved H ! �� and H ! ZZ(⇤) ! `+`�`+`�
analyses.

The observed SM Higgs boson exclusion ranges at the 95% CL are 110 GeV to 122.6 GeV and
129.7 GeV to 558 GeV, while masses between 110 GeV to 582 GeV are expected to be excluded at the
95% CL.

A significant 5� excess of events is observed in the search for the Standard Model Higgs boson,
dominated by the two channels with the highest mass resolutions. This observation provides evidence
for a new, narrow resonance at a mass near 126.5 GeV. Although the combined result including all search
channels is consistent with the production and decay of a Standard Model Higgs boson, more data are
needed to assess the nature of this excess.
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Figure 1: The observed (full line) and expected (dashed line) 95% CL combined upper limits on the SM
Higgs boson production cross section divided by the Standard Model expectation as a function of mH
in the full mass range considered in this analysis (a) and in the low mass range (b). The dashed curves
show the median expected limit in the absence of a signal and the green and yellow bands indicate the
corresponding 68% and 95% intervals.
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Figure 3: The CLs values for the SM Higgs boson hypothesis as a function of the Higgs boson
mass in the range 110–600 GeV (left) and 110–145 GeV (right).
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Figure 4: The 95% CL upper limits on the signal strength parameter µ = s/sSM H for the SM
Higgs boson hypothesis as a function of the Higgs boson mass in the range 110–600 GeV (left)
and 110–145 GeV (right).
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Properties of the New Particle
• Certain things we can already say now:

• The newly discovered particle is a boson with J = 0 or 2
• Spin 1 is ruled out by the Landau-Yang theorem, as it can’t 

decay into two photons

• The newly discovered boson has narrow width, smaller 
than the experimental resolution of ~1% in the γγ and ZZ 
channels

• The newly discovered particle is not inconsistent with 
the SM Higgs, but it also may be different from the SM 
Higgs boson
• Low rate in the fermionic channels (CMS)

• On the other hand Tevatron sees a lot in bb?
• Slightly higher rate in the γγ channel (ATLAS+CMS)

• ATLAS and CMS both observe one and the same boson 
with the mass between 125 and 126 GeV

10
Thursday, August 2, 12
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Figure 8: (Left) 2D 68% CL contours for a hypothesised Higgs boson mass mH and µ = s/sSM H
for the untagged gg, VBF-tagged gg, and 4`, and their combination. In this combination, the
relative signal strengths for the three final states are fixed to the SM expectation. (Right) 1D test
statistic q(mX) scan vs hypothesised Higgs boson mass mH for the untagged gg, VBF-tagged
gg, and 4` final states separately and for their combination. In this combination, the signal
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SM expectation.
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More on Properties
• ATLAS and CMS have determined 

the mass of the new boson:
• CMS: MX = 125.3 ± 0.4 (stat) ± 

                      0.5 (syst) GeV
• ATLAS: MX = 126.0 ± 0.4 (stat) ± 

                      0.4 (syst) GeV

• CMS also tested the custodial
symmetry by comparing
couplings to the W and Z
bosons:
• RW/Z = 0.9 +1.1 -0.6

• First attempt in CMS to measure 
couplings to fermions (CF) 
and bosons (CV)
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More on Properties
• ATLAS also quotes the relative VBF and associated 

production w.r.t. gg fusion + ttH in the γγ channel
• CMS produced information for various production 

mechanisms in all channels
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Figure 10: Values of µ̂ = s/sSM H for the combination (solid vertical line) and for contributing
channels (points) for the 7 and 8 TeV datasets separately (left) and for their combination (right).
The vertical band shows the overall µ̂ value 0.80 ± 0.22. The horizontal bars indicate the
±1s uncertainties on the µ̂ values for individual channels; they include both statistical and
systematic uncertainties.
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Figure 11: Values of µ̂ = s/sSM H for the combination (solid vertical line) and for sub-
combinations (points) grouped by decay mode (left) and by a signature enhancing a specific
production mechanism (right). The vertical band shows the overall µ̂ value 0.80 ± 0.22. The
horizontal bars indicate the ±1s uncertainties on the µ̂ values for individual channels; they
include both statistical and systematic uncertainties.

CMS-HIG-12-020

Thursday, August 2, 12



Perimeter Institute Workshop Aug 2-4, 2012 Greg Landsberg, Workshop Goals

More on Properties
• ATLAS also quotes the relative VBF and associated 

production w.r.t. gg fusion + ttH in the γγ channel
• CMS produced information for various production 

mechanisms in all channels

12

 [GeV]Hm
120 125 130 135 140 145

)
µ

Si
gn

al
 s

tre
ng

th
 (

0

1

2

3

4

5 Best fit
68% CL
95% CL

γγ →H 
 4l→ (*) ZZ→H 

νlν l→ (*) WW→H 

ATLAS 
-1Ldt = 4.7-4.8 fb∫ = 7 TeV:  s
-1Ldt = 5.8-5.9 fb∫ = 8 TeV:  s

2011 

)LJXUH ��� &RQ¿GHQFH LQWHUYDOV LQ WKH �µ,mH� SODQH IRU WKH
H→ZZ�∗�→ �!� H→ γγ� DQG H→WW�∗�→ !ν!ν FKDQQHOV� LQFOXGLQJ
DOO V\VWHPDWLF XQFHUWDLQWLHV� 7KH PDUNHUV LQGLFDWH WKH PD[LPXP OLNH�
OLKRRG HVWLPDWHV �Öµ, ÖmH � LQ WKH FRUUHVSRQGLQJ FKDQQHOV �WKH PD[LPXP
OLNHOLKRRG HVWLPDWHV IRU H→ZZ�∗�→ �! DQG H→WW�∗�→ !ν!ν FRLQ�
FLGH��

SODQH RI µJJ)+tĀtH ×B/B60 DQG µ9%)+VH ×B/B60� ZKHUH
B LV WKH EUDQFKLQJ UDWLR IRU H→ γγ� FDQ EH REWDLQHG
�)LJ� ���� 7KHRUHWLFDO XQFHUWDLQWLHV DUH LQFOXGHG VR WKDW
WKH FRQVLVWHQF\ ZLWK WKH 60 H[SHFWDWLRQ FDQ EH TXDQWL�
¿HG� 7KH GDWD DUH FRPSDWLEOH ZLWK WKH 60 H[SHFWDWLRQ
DW WKH ���σ OHYHO�

10. Conclusion

6HDUFKHV IRU WKH 6WDQGDUG 0RGHO +LJJV ERVRQ KDYH
EHHQ SHUIRUPHG LQ WKH H→ ZZ�∗�→ �!� H→ γγ DQG
H→WW �∗�→ eνµν FKDQQHOV ZLWK WKH $7/$6 H[SHUL�
PHQW DW WKH /+& XVLQJ ���±��� IE−� RI pp FROOLVLRQ GDWD
UHFRUGHG GXULQJ $SULO WR -XQH ���� DW D FHQWUH�RI�PDVV
HQHUJ\ RI � 7H9� 7KHVH UHVXOWV DUH FRPELQHG ZLWK HDU�
OLHU UHVXOWV >��@� ZKLFK DUH EDVHG RQ DQ LQWHJUDWHG OX�
PLQRVLW\ RI ���±��� IE−� UHFRUGHG LQ ���� DW D FHQWUH�
RI�PDVV HQHUJ\ RI � 7H9� H[FHSW IRU WKH H→ ZZ�∗�→ �!
DQG H→ γγ FKDQQHOV� ZKLFK KDYH EHHQ XSGDWHG ZLWK WKH
LPSURYHG DQDO\VHV SUHVHQWHG KHUH�
7KH 6WDQGDUG 0RGHO +LJJV ERVRQ LV H[FOXGHG DW

��� &/ LQ WKH PDVV UDQJH ���±���*H9� H[FHSW IRU
WKH QDUURZ UHJLRQ ���±���*H9� ,Q WKLV UHJLRQ� DQ H[�
FHVV RI HYHQWV ZLWK VLJQL¿FDQFH �.�σ� FRUUHVSRQGLQJ
WR p� = �.� × ��−�� LV REVHUYHG� 7KH H[FHVV LV GULYHQ
E\ WKH WZR FKDQQHOV ZLWK WKH KLJKHVW PDVV UHVROXWLRQ�
H→ZZ�∗�→ �! DQG H→ γγ� DQG WKH HTXDOO\ VHQVLWLYH
EXW ORZ�UHVROXWLRQ H→WW �∗�→ !ν!ν FKDQQHO� 7DNLQJ
LQWR DFFRXQW WKH HQWLUH PDVV UDQJH RI WKH VHDUFK� ���±
���*H9� WKH JOREDO VLJQL¿FDQFH RI WKH H[FHVV LV �.�σ�
ZKLFK FRUUHVSRQGV WR p� = �.� × ��−��

SM B/B× 
ttHggF+

µ
-1 0 1 2 3 4 5

SM
 B

/B
× 

VH
VB

F+
µ

-2

0

2

4

6

8

10

γ γ →H 

ATLAS 2011 - 2012
-1Ldt = 4.8 fb∫ = 7 TeV:  s
-1Ldt = 5.9 fb∫ = 8 TeV:  s

SM
Best fit
68% CL
95% CL

)LJXUH ��� /LNHOLKRRG FRQWRXUV IRU WKH H→ γγ FKDQQHO LQ WKH
�µJJ)+tĀtH , µ9%)+VH � SODQH LQFOXGLQJ WKH EUDQFKLQJ UDWLR IDFWRU
B/B60� 7KH TXDQWLW\ µJJ)+tĀtH �µ9%)+VH� LV D FRPPRQ VFDOH IDFWRU
IRU WKH JJ) DQG tĀtH �9%) DQG VH� SURGXFWLRQ FURVV VHFWLRQV� 7KH
EHVW ¿W WR WKH GDWD �+� DQG ��� �IXOO� DQG ��� �GDVKHG� &/ FRQWRXUV
DUH DOVR LQGLFDWHG� DV ZHOO DV WKH 60 H[SHFWDWLRQ �×��

7KHVH UHVXOWV SURYLGH FRQFOXVLYH HYLGHQFH
IRU WKH GLVFRYHU\ RI D QHZ SDUWLFOH ZLWK PDVV
���.� ± �.� �VWDW� ± �.� �V\V� *H9� 7KH VLJQDO
VWUHQJWK SDUDPHWHU µ KDV WKH YDOXH �.� ± �.� DW WKH
¿WWHG PDVV� ZKLFK LV FRQVLVWHQW ZLWK WKH 60 +LJJV
ERVRQ K\SRWKHVLV µ = �� 7KH GHFD\V WR SDLUV RI YHFWRU
ERVRQV ZKRVH QHW HOHFWULF FKDUJH LV ]HUR LGHQWLI\ WKH
QHZ SDUWLFOH DV D QHXWUDO ERVRQ� 7KH REVHUYDWLRQ LQ
WKH GLSKRWRQ FKDQQHO GLVIDYRXUV WKH VSLQ�� K\SRWKH�
VLV >���� ���@� $OWKRXJK WKHVH UHVXOWV DUH FRPSDWLEOH
ZLWK WKH K\SRWKHVLV WKDW WKH QHZ SDUWLFOH LV WKH 6WDQGDUG
0RGHO +LJJV ERVRQ� PRUH GDWD DUH QHHGHG WR DVVHVV LWV
QDWXUH LQ GHWDLO�

Acknowledgements

7KH UHVXOWV UHSRUWHG LQ WKLV SDSHU ZRXOG QRW KDYH EHHQ
SRVVLEOH ZLWKRXW WKH RXWVWDQGLQJ SHUIRUPDQFH RI WKH
/+&� :H ZDUPO\ WKDQN &(51 DQG WKH HQWLUH /+& H[�
SORLWDWLRQ WHDP� LQFOXGLQJ WKH RSHUDWLRQ� WHFKQLFDO DQG
LQIUDVWUXFWXUH JURXSV� DQG DOO WKH SHRSOH ZKR KDYH FRQ�
WULEXWHG WR WKH FRQFHSWLRQ� GHVLJQ DQG FRQVWUXFWLRQ RI
WKLV VXSHUE DFFHOHUDWRU :H WKDQN DOVR WKH VXSSRUW VWDff
DW RXU LQVWLWXWLRQV ZLWKRXW ZKRVH H[FHOOHQW FRQWULEXWLRQV
$7/$6 FRXOG QRW KDYH EHHQ VXFFHVVIXOO\ FRQVWUXFWHG RU
RSHUDWHG VR HffiFLHQWO\�
:H DFNQRZOHGJH WKH VXSSRUW RI $13&\7� $U�

JHQWLQD� <HU3K,� $UPHQLD� $5&� $XVWUDOLD� %0:)�
$XVWULD� $1$6� $]HUEDLMDQ� 667&� %HODUXV� &13T
DQG )$3(63� %UD]LO� 16(5&� 15& DQG &),� &DQDGD�
&(51� &21,&<7� &KLOH� &$6� 0267 DQG 16)&�

��

ATLAS arXiv:1207.7214

19

HSMσ/σBest fit 
-6 -4 -2 0 2 4 6 8

 ZZ→H 
 WW (VH tag)→H 

 WW (VBF tag)→H 
 WW (0/1 jet)→H 

 (VBF tag)γγ →H 
 (untagged)γγ →H 

 (VH tag)ττ →H 
 (VBF tag)ττ →H 

 (0/1 jet)ττ →H 
 bb (ttH tag)→H 
 bb (VH tag)→H 

Combined

 = 125 GeVH m
 = 7 TeVs
 = 8 TeVs

CMS Preliminary
-1 = 7 TeV, L = 5.1 fbs
-1 = 8 TeV, L = 5.3 fbs

HSMσ/σBest fit 
-6 -4 -2 0 2 4 6 8

 ZZ→H 
 WW (VH tag)→H 

 WW (VBF tag)→H 
 WW (0/1 jet)→H 

 (VBF tag)γγ →H 
 (untagged)γγ →H 

 (VH tag)ττ →H 
 (VBF tag)ττ →H 

 (0/1 jet)ττ →H 
 bb (ttH tag)→H 
 bb (VH tag)→H 

CMS Preliminary
-1 = 7 TeV, L = 5.1 fbs
-1 = 8 TeV, L = 5.3 fbs

 = 125 GeVH m

Figure 10: Values of µ̂ = s/sSM H for the combination (solid vertical line) and for contributing
channels (points) for the 7 and 8 TeV datasets separately (left) and for their combination (right).
The vertical band shows the overall µ̂ value 0.80 ± 0.22. The horizontal bars indicate the
±1s uncertainties on the µ̂ values for individual channels; they include both statistical and
systematic uncertainties.
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Figure 11: Values of µ̂ = s/sSM H for the combination (solid vertical line) and for sub-
combinations (points) grouped by decay mode (left) and by a signature enhancing a specific
production mechanism (right). The vertical band shows the overall µ̂ value 0.80 ± 0.22. The
horizontal bars indicate the ±1s uncertainties on the µ̂ values for individual channels; they
include both statistical and systematic uncertainties.
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systematic uncertainties.
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Figure 11: Values of µ̂ = s/sSM H for the combination (solid vertical line) and for sub-
combinations (points) grouped by decay mode (left) and by a signature enhancing a specific
production mechanism (right). The vertical band shows the overall µ̂ value 0.80 ± 0.22. The
horizontal bars indicate the ±1s uncertainties on the µ̂ values for individual channels; they
include both statistical and systematic uncertainties.
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Determining the Spin-Parity
• CMS made projections based on MELA in the ZZ 

channel
• Can separate 0-+ from 0++ at a 3σ level with ~30 fb-1 

Distinguishing spin 0 from spin 2 is much harder - need 
other channels, like WW and γγ

13
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Could it be a Fermiophobic Higgs?
• In the Standard Model, EWSB and fermion masses both 

incorporated economically via the Englert-Brout-Higgs 
mechanism and couplings to the Higgs field, respectively

• This doesn’t have to be the case: Higgs may very well 
couple only to gauge bosons - a fermiophobic (FP) Higgs 
boson; fermion masses will have to be explained via a 
different mechanism 

• Consequences:
• Gluon fusion is not possible as it proceeds through the top-

quark loop; VBF and associate production remain
• H decays to WW/ZZ, and also γγ, via W loop

• Conspiracy: for the Higgs mass of ~135 GeV σ x Br(H → γγ) is 
essentially the same for the FP Higgs and the SM Higgs (and 
grows at lower masses)

• Could we have observed a FP Higgs? Or Leptophobic?
14
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ATLAS Fermiophobic Higgs Search
• Both ATLAS (2011 data) and CMS (2011+2012 data) 

analyzed this possibility:
• ATLAS has analyzed only γγ channel, and as expected, 

the excess can be interpreted either as a SM or FP 
Higgs boson with essentially the same p-value

• It’s crucial to add other bosonic channels!

15

5

QCD scale. Combining the VBF and VH production
modes this uncertainty is within ±4% over the con-
sidered mass range. To this uncertainty, that due to
the H → γγ branching ratio (±5%) is added linearly,
based on the SM calculation [22]. This yields uncertain-
ties of ±9% on the theoretical signal yield, leading to an
overall uncertainty of ±16% on the total signal expec-
tation. In addition, the uncertainty on the Higgs boson
pT modelling is estimated by comparing signal samples
from alternative MC generators – HERWIG [30] for VBF
and ResBos [31] for VH. The result is a ±1% signal mi-
gration between the low and high pTt categories with a
negligible effect on the signal selection efficiency.

The dominant uncertainties on the signal mass res-
olution are due to the uncertainty on the calorime-
ter energy resolution (±12%) and photon calibration
(±6%), which are both extrapolated from the uncer-
tainty on the electron calibration determined using Z
and J/ψ data [12]. The latter comes from the imper-
fect knowledge of the material in front of the active
part of the calorimeter and is estimated using simula-
tions with different amounts of material. This quantity
also affects the fraction of expected events in the cate-
gories with converted photons; the maximal migration
between converted and unconverted categories is esti-
mated to be ±4.5%. Other effects on the signal mass
resolution are due to pileup fluctuations contributing
to the cluster energy measurement (±3%) and to the
uncertainty on the photon angular resolution (±1%)
which is studied in Z → e+e− decays using the track-
based direction measurement. The total relative uncer-
tainty on the diphoton invariant mass resolution is thus
±14%.

Systematic uncertainties on the background mod-
elling arise from a possible deviation of the background
mass distribution from the assumed exponential shape.
This uncertainty is evaluated as the number of events
that could be mistakenly attributed to the signal. It is
estimated from the adequacy of the chosen background
model’s description of the mass distribution predicted
by ResBos [32]. The residuals of the fit of the back-
ground model to the ResBos diphoton mass distribution
are integrated over a sliding mass window of 4 GeV, the
approximate FWHM of the expected signal. The largest
deviations were found at small invariant masses and
these uncertainties are then applied over the whole mass
range. The resulting uncertainties range from ±0.1 to
±7.9 events in the individual analysis categories, where
the magnitude of these uncertainties is roughly propor-
tional to the number of background events in each cate-
gory. These absolute uncertainties do not scale with the
signal strength in the final likelihood fit. For a fermio-
phobic Higgs boson with mH = 120 GeV the back-

ground modelling uncertainty in the high pTt categories
is equivalent to up to 5% of the signal yield with nomi-
nal signal strength. The estimation of the uncertainties
is cross-checked by fitting the data with different func-
tional forms and comparing the result to the exponen-
tial fit.

The possible presence of a signal is investigated us-
ing a combined likelihood function constructed from the
signal and background models for the diphoton invari-
ant mass distribution in each of the nine categories. Un-
binned maximum likelihood fits of the signal strength
are performed, treating the systematic uncertainties as
nuisance parameters – fourteen in total. These nuisance
parameters are added to the signal likelihood function
using a Gaussian term for the background modelling
uncertainty, and log-normal terms for all other uncer-
tainties.
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Fig. 3: Local observed p0 as a function of the Higgs
boson mass mH (solid line) and the median expectation
for a fermiophobic signal with the given mH (dotted
line). The five points near 125 GeV show the observed
p0 when the uncertainty on the photon energy scale
is considered. The individual contributions of the low
pTt and high pTt categories to the observed p0 are also
shown.

The compatibility of the data with the background-
only hypothesis, relative to the hypothesis of background
plus the fermiophobic model signal, is quantified by the
local significance p0. Figure 3 shows the result for mH

ranging from 110 GeV to 150 GeV, where p0 is com-
puted in 0.5 GeV steps using asymptotic formulae [33].
The contributions to p0 values from the high pTt and
low pTt categories are shown separately. The high pTt

contribution has a minimum p0 at 125 GeV, while the
low pTt contribution has a minimum at 127 GeV. The
larger signal-to-background ratio as well as the larger
expected signal yield in the high pTt category compared

4

TABLE III. Higgs boson production cross section multiplied
by the branching ratio into two photons, expected number
of signal events summed over all categories for 4.9 fb−1 and
selection efficiencies for various Higgs boson masses.

mH [GeV] 110 115 120 125 130 135 140 145 150

σ ×BR [fb] 45 44 43 40 36 32 27 22 16

Signal events 69 72 72 69 65 58 50 41 31

Efficiency [%] 31 33 34 35 37 37 38 38 39

that have more degrees of freedom than the single expo-
nential, and comparing the residuals to those obtained
with the exponential fit.

The dominant experimental uncertainty on the signal
yield is the photon reconstruction and identification ef-
ficiency (±11%), which is estimated with data by using
electrons from Z and W decays and photons selected
from Z → !!γ (! = e, µ) events. Pileup also affects
the identification efficiency and contributes to the uncer-
tainty (±4%). Further uncertainties on the signal yield
are related to the trigger (±1%), Higgs boson pT model-
ing (±1%), isolation (±5%) and luminosity (±3.9%). Un-
certainties on the predicted cross sections are due to un-
certainties on the QCD renormalization and factorization
scales (+12

−8 %) and on the parton density functions (PDF,
[37] and references therein) and αs (±8%). The total
uncertainty on the signal yield is +20

−17%. The total un-
certainty on the mass resolution is ±14%, dominated by
the uncertainty on the energy resolution of the calorime-
ter, determined from Z → ee events (±12%). Further
uncertainties on the mass resolution result from an im-
perfect knowledge of material in front of the calorimeter
affecting the extrapolation from electron to photon cal-
ibration (±6%), the impact of pileup (±3%) estimated
from events taken with random triggers, and the pho-
ton angle measurement (±1%) estimated using Z → ee
events. The uncertainty on the knowledge of the material
in front of the calorimeter is used to derive the amount of
event migration between the converted and unconverted
categories (±4.5%). Different PDFs and scale variations
in HqT calculations are used to derive possible event
migration between high and low pTt categories (±8%).

A modified frequentist approach (CLS) [38] for set-
ting limits and a frequentist approach to calculate the p0
value are used [39]. The p0 is the probability that the
background fluctuates to the observed number of events
or higher. The combined likelihood, which is a function
of the ratio of the measured cross-section relative to that
of the SM prediction, is constructed from the unbinned
likelihood functions of the nine categories. Systematic
uncertainties are incorporated by introducing nuisance
parameters with constraints. Asymptotic formulae [40]
are used to derive the limits and p0 values, which are

refined with pseudo experiments [41], as functions of the
hypothetical Higgs boson mass.
The observed and expected local p0 values and the

95% CL limits on the Higgs boson production in units
of the SM cross section are displayed in Figs. 3 and 4.
Before considering the uncertainty on the signal mass po-
sition, the largest excess with respect to the background-
only hypothesis in the mass range 110−150 GeV is ob-
served at 126.5 GeV with a local significance of 2.9 stan-
dard deviations. The uncertainty on the mass position
(±0.7 GeV) due to the imperfect knowledge of the photon
energy scale has a small effect on the significance. When
this uncertainty is taken into account, the significance is
2.8 standard deviations; this becomes 1.5 standard devi-
ations when the look elsewhere effect [42] for the mass
range 110−150 GeV is included. The median expected
upper limits of the cross section in the absence of a true
signal, at the 95% CL, vary between 1.6 and 1.7 times the
SM cross section in the mass range 115−130 GeV, and
between 1.6 and 2.7 in the mass range 110−150 GeV. The
observed 95% CL upper limit of the cross section relative
to the SM cross section is between 0.83 and 3.6 over the
full mass range. A SM Higgs boson is excluded at 95% CL
in the mass ranges of 113−115 GeV and 134.5−136 GeV.
These results are combined with SM Higgs searches in
other decay channels in Ref. [41].

 [GeV]Hm
110 115 120 125 130 135 140 145 150

0
Lo

ca
l p

-410

-310

-210

-110

1

10 0Observed p

0 expected pγγ →SM H 

 (with energy scale uncertainty)0Observed p

 = 7 TeVsData 2011,  

-1Ldt = 4.9 fb∫

ATLAS

σ1

σ2

σ3

FIG. 3. The observed local p0, the probability that the back-
ground fluctuates to the observed number of events or higher
(solid line). The open points indicate the observed local p0
value when energy scale uncertainties are taken into account.
The dotted line shows the expected median local p0 for the
signal hypothesis when tested at mH .
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CMS Fermiophobic Higgs Search
• CMS analyzed γγ, WW, 

and ZZ via VBF and 
associated production in 
2011 data and γγ only in 
2011+2012

• Excluded FP 
interpretation of the 
excess in 110-192 GeV 
range at the 95% CL

• However, can’t exclude 
~125 GeV mass at the 
99% CL

16

CMS-HIG-12-008

3.1 Diphoton gg decay mode 3

originating in jets – mainly due to single and multiple p0s [11]. The isolation requirements are88

applied as a constant fraction of the candidate photon pT, effectively cutting harder on low pT89

photons. The R9 variable, defined as the energy sum of 3x3 crystals centred on the crystal with90

maximum energy deposit divided by the total clustered energy, is used to distinguish photons91

of well measured energy.92

3.1.1 Dijet tag event class93

Candidate diphoton events for the dijet-tagged channel have the same selection requirements94

as in the SM search [11]. In the events from the VBF production, the pT of the Higgs boson is95

boosted giving enhanced asymmetries in the photon pair energies and hence favoring a lower96

threshold on one of the two photons. The threshold requirements for this class are pg
T(1) >97

55 ⇥ mgg/120, and pg
T(2) > 25 GeV.98

For each event, hadronic jets are clustered from the reconstructed particles with the infrared99

and collinear safe anti-kt algorithm [27], operated with a size parameter R of 0.5. The selec-100

tion variables for the jets use the two highest pT jets in the event with pseudorapidity |h| <101

4.7. The selection requirements are optimised to obtain the best expected limit at 95% CL on102

the VBF signal cross section with fully simulated VBF signal events and the diphoton back-103

ground estimation from data [11]. The pT thresholds for the two jets are 30 and 20 GeV, and104

the pseudorapidity separation between them is required to be greater than 3.5. The dijet mass105

is required to be greater than 350 GeV. Two selection criteria, relating the dijet to the diphoton106

system, are applied: the difference between the average pseudorapidity of the two jets and the107

pseudorapidity of the diphoton system is required to be less than 2.5 [28], and the difference108

in azimuthal angle between the diphoton system and the dijet system is required to be greater109

than 2.6 radians.110

3.1.2 Lepton tag event classes111

Candidate diphoton events for the lepton-tagged channel have the same selection requirements112

imposed on the photons as in the SM search [11] except for the pT thresholds. As it is the case in113

the VBF, the pT of the Higgs boson is also boosted in the VH production. To maximize the signal114

efficiency, the photon pT thresholds are set to pg
T(1) > 45 ⇥ mgg/120, and pg

T(2) > 25 GeV.115

The lepton tag requires at least one muon or electron with pT > 20 GeV, within |h| < 2.4 for116

muons, and |h| < 2.5 for electrons. Electrons are identified as a primary charged particle track117

Table 1: Summary of analysis channels and sub-channels included in the combination.

Channel mH range Sub- Luminosity Reference
(GeV) channels (fb�1)

H! gg 110–150 4 5.1 [11]
H! gg + dijet 110–150 1 5.1 [11]
H! gg + lepton 110–150 2 5.1
H!WW! 2`2n 110–300 4 4.9 [12]
H!WW! 2`2n + dijet 110–300 1 4.9 [12]
H!WW! 2`2n + lepton 110–300 1 4.9
H!ZZ! 4` 110–300 3 5.0 [13]
H!ZZ! 2`2n 250–300 2 5.0 [14]
H!ZZ! 2`2q 130–165, 200–300 6 5.0 [15]
H!ZZ! 2`2t 180–300 8 5.0 [16]
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And now even with γγ alone!
• Combining γγ channel in VBF 

and associated production in 
2011 and 2012 data

• FP hypothesis is excluded at 
99% CL for the FP Higgs 
mass in the 110-134 GeV 
range

17
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Figure 9: The combined 2011 and 2012 asymptotic p-value as a function of the Higgs boson
mass. Contributions of each period are also shown.
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We are at the Crossroads
• Light Higgs implies that the Standard

Model can not be a complete theory 
up to the Planck scale

• Vacuum stability arguments require 
new physics to come at a scale 
~1011 GeV or less

• Curiously points to a similar scale as 
suggested by the neutrino mass 
hierarchy via see-saw mechanism

• If we found a SM Higgs boson, we 
now need to explain the EWSB mechanism

• If what we found is not a Higgs boson, we need to understand 
what it is and what plays the role of the Higgs

• In a sense, a 125 Higgs is maximally challenging and rich 
experimentally, but also inflicts “maximum pain” theoretically, 
as it is not so easy to accommodate
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Figure 4: The instability scale ⇤I at which the SM potential becomes negative as a function of the
Higgs mass (left) and of the top mass (right). The theoretical error is not shown and corresponds
to a ±1GeV uncertainty in Mh.

The O(↵↵s) term, that is the parametrically smallest correction, is equivalent to a tiny shift

in Mt below 0.1 GeV. This e↵ect is well below the O(⇤QCD) irreducible non-perturbative

uncertainty on the top-quark mass determined at hadron colliders (see e.g. ref. [35]), that

is responsible for the theoretical error in eq. (62). More explicitly, we estimate an irre-

ducible theoretical error of ±⇤QCD ⇡ ±0.3GeV in Mt from non-perturbative e↵ects, and an

additional uncertainty of ±0.15GeV from missing O(↵4
s) threshold corrections.

Next, applying the threshold corrections discussed in section 2, we determine the following

value for the Higgs self coupling in the MS scheme renormalized at the pole top mass:

�(Mt) = 0.12577 + 0.00205

✓

Mh

GeV
� 125

◆

� 0.00004

✓

Mt

GeV
� 173.15

◆

± 0.00140th . (63)

The residual theoretical uncertainty, that is equivalent to an error of ±0.7 GeV in Mh, has

been estimated varying the low-energy matching scale for � between MZ and 2Mt.

For completeness, we also include in the one- and two-loop RG equation the contributions

of the small bottom and tau Yukawa couplings, as computed from the MS b-quark mass,

mb(mb) = 4.2GeV, and from M⌧ = 1.777GeV.

16

Degrassi et al
arXiv1205.6497

Other authors 

disagree!
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SUSY: the Aftermath
• A 125 GeV Higgs is challenging to accommodate in 

constrained versions of SUSY, particularly for “natural” 
superpartner masses 

• Started to constrain some 
of the simpler models

• If SUSY exists, is it really
“natural”?

19

Figure 5: Maximal Higgs mass (in GeV) in CMSSM in function of the scale MS = p
m

˜t1
m

˜t2
(in

GeV) for di↵erent top mass values.

Figure 6: Parameter space for the various regimes of the MSSM Higgs sector as defined in the
text and in eq. (8) in the tan�–MA plane, in the maximal mixing scenario with MS = 2 TeV. The
constraints from A ! ⌧⌧ (continuous green line) and t ! H+b (dashed green line) searches at the
LHC are shown together with the LEP2 constraint (continuous black line).

4.4 Higgs signal and MSSM parameters in the SUSY regime

In the SUSY regime the Higgs decay rate can be a↵ected by the contributions of SUSY particles
in the loops. This makes a detailed study of the MSSM parameter space in relation to the first
results reported by ATLAS and CMS particularly interesting for estimating its sensitivity to
specific regions of parameters. In particular, the decay branching fraction into �� are modified
by both mixing e↵ects and light sparticle contributions [10]. We study these e↵ects on the
points of our pMSSM scan. In the following, we use the notation RXX to indicate the Higgs
decay branching fraction to the final state XX, BR(h0 ! XX), normalised to its SM value.
We also use the notation µXX to indicate the ratio of product of the inclusive production and
the decay branching ratio for the final state XX to its SM value, µXX = �⇥BR(h!XX)

�⇥BR(H!XX)|SM
. A

major source of deviations from unity for the R values is due to a reduction of the h total

14

Introduction pMSSM Higgs searches Implications Conclusion

Consequences of a 126 GeV Higgs on constrained MSSM scenarios

Maximal Higgs mass

Several constrained models are excluded or about to be!

Nazila Mahmoudi ICHEP 2012, July 5th, 2012 6 / 13

Mahmoudi, ICHEP 2012

Arbey et al., 
arXiv:1207.1348
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We are at a SUSY Crossroad
• Light 125 GeV Higgs boson strongly prefers SUSY as 

the fundamental explanation of the EWSB mechanism
• But what kind of SUSY?
• The “canonic” mSUGRA-like SUSY has been largely 

excluded
• SUSY can still be “natural,” but much of the parameter 

space has been probed
• Necessary would imply 3rd generation signatures for 

discovery

• SUSY can be fine-tuned, which would result in a very 
different mass spectrum and signatures
• Look for long-lived particle in various decay modes

• Can we prove or essentially rule out natural SUSY 
case?

20
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Natural SUSY
• If SUSY is natural, we should find it soon:
• And we most

likely will find
it by observing
3rd generation
SUSY particles
first!

• Requires rethinking
of SUSY search 
strategies

21

• Nima Arkani-Hamed, SavasFest 2012 
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First Results for Direct Stop Production

CMS
razor
b-jet

CMS
αT + b-jets
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Grand Summary of Stop Searches
• Impressive coverage of the new territory

22

ATLAS-CONF-12-070,071,073,074

CMS SUS-11-022, 024
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The Case for Long-Lived Particles
• The light Higgs implies particular characteristic cτ both in 

case of split SUSY and generic case of heavy SUSY
• Preferred SUSY breaking scale of 104-1010 TeV implies 

cτ ~ 10-20 - 1 s

• For the mid-range of 108 TeV, cτ ~ 1-100 ns - very 
challenging range experimentally

23
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Figure 8: NNLO prediction for the Higgs mass Mh in High-Scale Supersymmetry (blue, lower) and
Split Supersymmetry (red, upper) for tan� = {1, 2, 4, 50}. The thickness of the lower boundary at
tan� = 1 and of the upper boundary at tan� = 50 shows the uncertainty due to the present 1�
error on ↵s (black band) and on the top mass (larger colored band).

by tuning �⇤ or, in other words, by accurate variations of Mh and Mt. The existence of

the false vacuum depends critically on the exact values of the SM parameters and requires

dialing Mh and Mt by one part in 106. However, the exact value of the needed top mass has a

theoretical uncertainty, reduced down to ±0.5GeV thanks to our higher-order computation.

Note from fig. 7 that the field value where the false vacuum is positioned is larger than what

was reported in [6,18]. The corrections in eq. (52) [3,5] are mostly responsible for the larger

field values found in our analysis.

4.4 Supersymmetry

Our higher order computation of the relation between the Higgs mass and the Higgs quartic

coupling � has implications for any model that can predict �. If supersymmetry is present

at some scale m̃, then in the minimal model one finds the tree-level relation

�(m̃) =
1

8

⇥

g2(m̃) + g02(m̃)
⇤

cos2 2� . (70)
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Giudice/Strumia

Giudice/Romarino
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Example: Split Supersymmetry

24

• Wells, hep-ph/0306127 
• Arkani-Hamed, Dimopoulos JHEP 06 (2005) 073  
• Guidice, Romanino, Nucl.Phys. B699 (2004) 65 

Nima Arkani-Hamed - SavasFest 2012
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Long-Lived Particle Searches
• ...in full swing in both ATLAS & CMS

25

GMSB WITH DISPLACED PHOTON

• GMSB&(SUSY)&decays&typically&include&many&jets&and&&&&

• Selec6on:&photon&with&ET&>&100,&three&jets&with&pT&>&35
– relaxed(ECAL(Cming(and(shower2shape(cuts
– ETmiss(and(ECAL(Cming(main(discriminants

23

Much)improved#sensiPvity#to#long)lived#neutralino

[CMS PAS EXO-11-035]

7Andy Haas – ICHEP2012

Kinked / disappearing track: Limits

ATLAS: χ
1

+ > 118 GeV (@1 ns)

ATLAS-CONF-2012-034

15Andy Haas – ICHEP2012

R-hadron search results

● Cuts on velocity from pixel / calorimeter / muon system

● Limits in the 3 analyses (95% C.L.):

gluino stop sbottom

Full detector 985 683 612

Track+calorimeter 989 657 618

Track only 940 604 576

ATLAS-CONF-2012-075
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Figure 4: The 95% CL limits on gluino and stop mass as a function of particle lifetime, assuming
the cloud model of R-hadron interactions and the theoretical production cross sections given in
Ref. [39]. The structure observed between 10�7 s and 10�5 s is due to the number of observed
events incrementing across boundaries between lifetime bins. The observed mass limit for the
plateau between 10�5 s and 103 s is indicated by an arrow on the vertical axis.

repeating the analysis with increased jet energy thresholds (Ethresh) of 100, 150 and 200 GeV. For
each threshold, the background is estimated as described above, and limits are placed on the
gluino production cross section and the gluino mass, valid within the . The results are given
in Table 3, along with the value of Emin

gluon for each threshold. The excluded region of meg-mec0 is
shown separately for each jet energy threshold in Fig. 5.

Table 3: Results of the analysis using a range of jet energy thresholds. The expected back-
ground, Nexp, and the number of observed events, Nobs, are shown. The resulting lower limit on
the gluino mass (mmin

eg ) assumes the minimum gluon energy (Emin
gluon) given in the table, gluino

lifetime in the range 10 µs and 1000 s, and BF(eg ! gec0
1) = 100%.

Threshold (GeV) Emin
gluon (GeV) Nexp Nobs mmin

eg (GeV)
70 100 8.6 ± 2.4 12 640
100 150 3.4 ± 1.1 5 680
150 220 1.5 ± 1.0 2 720
200 300 0.83 ± 0.99 2 720

9 Summary

New results have been presented on long-lived particles which have stopped in the CMS detec-
tor, after being produced in 7 TeV pp collisions from the CERN Large Hadron Collider. A search

CMS arXiv:1207.0106

Kinks

Non-pointing γ
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Workshop Homework List
• Natural SUSY:

• Do we cover all the territory with the existing searches?
• What can be gain by smarter data parking and scouting?
• Precision top cross section measurement

• How well can it be calculated theoretically?

• Fine-Tuned SUSY:
• Novel long-lived signatures?
• Do we have all the triggers in place?
• Do we cover full lifetime range?

• Other “natural” model searches?
• Higgs Properties:

• Rare decays
• Spin-parity determination
• Looking for other Higgses

• SM measurements as windows on new physics
26
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